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SUMMARY
Fluidised beds have not yet been widely utilised for processing 
of vegetable products. The main reason is that the materials often 
possess physical properties that render them difficult to handle by 
existing fluidisation techniques. The vegetable product chosen for this 
work is cut lamina tobacco provided by British American Tobacco Company 
Limited. The objectives of this project are to develop a fluidised bed 
device capable of handling cut lamina tobacco and to investigate the use 
of the device for heat and mass transfer operations. It is shown that 
conventional technology, such as spouted beds or slot spouted beds, 
cannot cope with cut lamina tobacco because of its entangled nature. A 
novel design of contacting device is developed, suitable for maintaining 
controlled inventory of cut lamina tobacco. The device uses relatively 
high velocity gas jets to create a well defined flow pattern which the
solid follows, thereby disentangling the tobacco fibres.
Heat transfer experiments show that heat transfer coefficients in 
the mobilised bed are sufficiently high to permit rapid equilibration of 
the bed mass with the gas. The high recirculation rate of the solid
also ensures that the temperature is uniform everywhere in the bed.
Drying tests in the mobilised bed show that the overall mass transfer is 
not gas phase limited but is controlled by internal migration of 
moisture within the tobacco particles. The effective diffusion coeffi­
cients calculated from the drying curves showed an Arrhenius-type rela­
tionship with temperature, with values in the range 2.7X10"6 to 
17.5X10"6 cm2/s for a temperature range of 40°-85°C.
Mobilisation of the tobacco results mainly from momentum transfer 
from the gas jets to the plug of tobacco. The maximum bed pressure drop 
is below that calculated to support the bed weight (or APmf), due to the 
contribution of the inlet momentum flux of the mobilising gas jets. A 
model is developed which adequately predicts the maximum mobilising
flowrate at incipient mobilisation. The heat and mass transfer 
equations combined with the analysis of incipient mobilisation are used 
in a demonstration design of a complete continuous mobile bed dryer for 
a primary tobacco process.
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CHAPTER 1 j_ PRODUCTION
Man has been concerned with the processing of his food since the 
beginning of time. His tireless search for new consumable materials 
broadened the list of fruits and vegetable products made available to an 
ever demanding society. The processing methods have also improved to 
cope with the modem production demand, from simple sun drying, used by 
the aboriginal inhabitants of The Mediterranean Basin to preserve dates 
some 3000 years ago, to the most sophisticated modem plants for freeze- 
dehydration of vegetables. In the range of new processing techniques, 
fluidised beds have great potential as far as mixing and heat and mass 
transfer operations are concerned. The technique, first developed for 
fluidised bed cracking of heavy hydrocarbons into petroleum spirit 
(Murphee et al.,1943), has now spread to a large number of applications, 
which can be divided into two main categories : (1) chemical reactions
and catalysts, and (2) physical and mechanical processes. The latter 
category comprises the applications concerned with the Food Industry. A 
few examples of such applications include : drying of foodstuff such as
grains (Vanecek et al.,1966), wheat (Becker and Sallans,1960), piece- 
form fruits and vegetables (Farkas et al.,1969) and rice (Roberts et 
al.,1979), also freezing of peas (deGroot,1967), thermal processing and 
cooling of cans (Piggot,1963) and food cooking using beds of salt or 
sugar (Sachsel,1963). These constitute only a short list, which is by 
no means exhaustive, of the successful applications.
Processing vegetable products in fluidised beds is beset by a 
number of problems, the most obvious being the "unconventional" nature 
of the solids in respect to fluidisation itself. The materials are 
often easily degradable due to their biological nature. The vegetable 
product chosen for this work, cut lamina tobacco, is a good example of 
an "unconventional" material treated in fluidised beds, cut lamina
tobacco. The tobacco was part of "Blend 72", provided by British- 
American Tobacco Company Limited (B.A.T.). Cut lamina tobacco is the 
main constituent in the cigarette-making process. The couplete process 
from the harvesting of the tobacco leaves to the final combustible 
product found in cigarettes entails several steps, a brief description 
of which is presented below.
The freshly harvested tobacco leaves are cured. The curing 
process has three main purposes;
1- To kill or reduce the enzyme activity of the biological 
materials constituting the leaves. This is known as the yellowing 
of the leaves.
2- To permit some important chemical changes to take place, such 
as the transformation of starch into sugar.
3- To dry the leaves before storage for the ageing period.
The complete curing process takes several weeks and is usually carried 
out near the harvesting place. The cured tobacco, from several regions 
of the world is then bought at Auction by the cigarette-making 
companies. From this point, the tobacco leaves are taken to the 
threshing plant, also called the "Green Leaf Threshing" or G.L.T., which 
is represented in figure (1.1). The cured dried tobacco leaves are 
passed through a conditioning stage, where their moisture content is 
increased. The next stage, threshing, is the mechanical removal of the 
leaf flesh or lamina from the stem, such that large irregular pieces of 
lamina (typically up to 10 cm square) are produced. The stems are taken 
to a separate process which will not be discussed here. The lamina 
sections are then redried and pressed, ready to be taken to the Primary 
Process. Figure (1.2) shows the main stages of a typical primary 
process. The lamina tobacco is conditioned to a high moisture content
G.LI PLANT
lamina
stem
redry ing
stem
lamina
redrying
threshingconditioning
FIGURE 1.1- Flow diagram of a Green Leaf Threshing Plant.
of the order of 33% dry basis. In the blending stage, the lamina 
pieces, which are often folded over, are laid in layers with materials 
from different sources, following certain recipes specific to each type 
of cigarette. The layers are compressed by rollers before being cut 
normal to the lamina surface in the size reduction stage. The pitch of 
the cutting process is variable and for "blend 72" is specified as 25 
cuts/inch. The resulting fibrous particles are approximately 0.2ram 
thick (the leaf thickness), 1mm wide (the pitch of the cutting stage), 
but of length varying between 0.5 and 10cm. Because of folding during 
the blending stage, the particles are twisted along their long dimension 
and also have a number of "kinks" or "knees", the resulting product 
being a mass of entangled fibres. The cut lamina tobacco is then passed 
through a series of processing steps, which include drying, cooling, 
mixing and the addition of humectant materials, before going to the
from G.L.T.
stem
lamina
drying
cooling
mixing
size reduction 
stage
( cutting )
conditioning stage 
(preparation for cutting)
secondary process
FIGURE 1.2- Flow diagram of a Primary Tobacco Process.
secondary process, which is the actual cigarette-making. The tobacco 
reaches this stage with a moisture content around 16 % dry basis. The 
further stages constituting the secondary process will not be discussed 
since they are irrelevant to the present project. In principle, all the 
operations between the size reduction step and the beginning of the 
secondary process could be carried out continuously in fluidised beds. 
The material constituting "blend 72" was taken from the primary process, 
just after the cutting machines, dried in rotary dryers and stored.
One of the main concerns in a primary tobacco process, described 
above, is to obtain a final product with such physical properties as
will minimise the amount of tobacco needed to produce a cigarette which 
meets all the firmness and taste requirements of the customer. The 
parameter used in the Tobacco Industry to describe the capacity of a 
given weight of tobacco to produce a level of firmness when used in a 
cigarette, is the "fill value". This value is greatly influenced by 
processing techniques and is used to judge new equipment. Any new 
processing technique for the primary process must therefore improve, or 
at least leave unchanged the "fill value" that can be obtained in exis­
ting equipment. The fibre length of the tobacco particles is closely 
related to the "fill value" in that a mat of long fibres will require 
less tobacco in weight to produce the same firmness as a short fibre 
mat. To complete the description of the vegetable product used in this 
work, the physical properties of cut lamina tobacco are now presented. 
The "unconventional" nature of tobacco particles for a fluidised bed 
application is especially underlined in their dimensions, shape and bulk 
density.
1.1 PHYSICAL PROPERTIES OF CUT LAMINA TOBACCO.
Tobacco, being a biological material, has physical properties 
which are difficult to quantify exactly as they are subject to varia­
tions from one batch to another. The values given below represent 
typical values found in the literature or provided by B.A.T. Group 
Research and Development Centre. In these cases, the values are marked
Particle density Pp : The particle density was given as (*) Pp = 750
kg/m3 at 13% dry basis moisture content. Assuming that there is no 
change of volume associated with the change in moisture content for the 
range 8% to 30% moisture content, the particle density as a function of 
moisture content, W, can be expressed as
Bulk density Pb : The bulk density of a bed of tobacco is related to
the void fraction
Typical values of bulk density for a bed of cut lamina tobacco are of
the order of 80-150 kg/m? , which give a void fraction in the region of
z— (.79—.91) for the range of moisture content W=(8%-30%).
Specific heat Cs : The specific heat of a tobacco particle can be
expressed as the sum of the specific heat of the dry matter, Cs0 , and
the specific heat of the water, Cw, so that
(*).
Pp = 665 (1+W) (1-1)
Pb = Pp (1-s) (1-2)
Cs = Cs0 + C„W (1-3)
where Cs0 = 0.335 cal/g°C = 1400 J/kg K (Mohsenin, 1980), and 
Cw = 1 cal/g°C = 4180 J/kg K.
Thermal conductivity k : The thermal conductivity of bright strip
tobacco was found to be approximately constant for the range 8%<W<30% 
and equal to
k = 0.067 Btu/ft hr °F = 0.12 W/m K (Mohsenin, 1980) (1-4)
Dimensions and shape : A particle of cut lamina tobacco can be repre­
sented by a long parallelepiped as in figure (1.3), where typically 
a=0.2mm,2b=lmm, and 5mm<£< 100mm. The volume of a particle is then
Vp = (0.2xl0~3)(lxlO*3)£ = 2xl0~7 £ m3/particle (1-5)
The surface area ,neglecting the end faces, is
Sp = 2 (0.2xl0~3 ) £ + 2 (lxl0~3 ) £ = 2.4xl0"3 £ m2 /particle (1-6)
FIGURE 1.3- Typical tobacco particle.
The weight of a particle is
Wp = PpVp = 665 (1+ W) (2x10-7 i)
= 1.33x10-4 £ (1+W) kg/particle (1-7)
Therefore the specific surface area is
ap = Sp/Wp = 18/(1+W) m2 /kg (1-8)
Particle size dp : The particle diameter given here is the diameter
based on a sphere of identical volume as the particle, or
dp = 3/(6Vp/n) = 7.3x10-3 fi m (1-9)
The sphericity is defined as
Q = Surface area of sphere of the same volume (1-10)
Surface area of particle
or
Q = (n d2/Sp) = 0.069/ f i  (1-11)
1.2 SCOPE OF THIS WORK
The purpose of the research programme is to develop the use of 
fluidised beds for processing of vegetable products. Although related 
in the first instance to processing of cut lamina tobacco, the 
development will be applicable to many other materials. The overall 
objectives are:
(1)- To establish a design of distributor and column for control­
led fluidisation of cut lamina tobacco.
(2)- To investigate the heat and mass transfer characteristics in 
the device developed in (1).
Successful attempts to fluidise fibrous entangled materials have 
yet to be found in the literature. The design of a successful distri­
butor hence requires a trial and error process, testing different 
possible configurations, to establish a design suitable for tobacco 
processing. This part of the project can therefore be seen as a 
challenging attenpt to introduce into the fluidisation field, a new type 
of particulate matters : fibres.
CHAPTER 2 : DEVELOPMENT OF THE PROCESSING TECHNIQUE.
CHAPTER 2 : DEVELOPMENT OF THE PROCESSING TECHNIQUE.
The first objective of the research programme was to develop a 
technique for the controlled fluidisation of cut lamina tobacco. This 
section presents an historical account of the principal configurations 
tested during the course of the development leading up to a successful 
device. A video recording, showing the behaviour of cut lamina tobacco 
in both the unsuccessful configurations and the operation in the mobile 
bed distributor is available from the Department of Chemical & Process 
Engineering at the University of Surrey. The tobacco used had an initial 
moisture content of 16% determined by a standard oven test (see Appendix 
4.1). All the experiments described were performed with air at ambient 
conditions, no control being exercised over its temperature or relative 
humidity.
2.1 INITIAL EXPERIMENTS.
Following the observations made in the previous chapter, the spou­
ted bed technique, with its possible modifications, seemed an excellent 
starting point.
2.1.1 CONVENTIONAL SPOUTED BED.
The first series of experiments was performed to investigate the 
applicability of the spouted bed technique to fibrous materials. The 
first spouted bed, shown schematically in Figure (2.1), was built. The 
square configuration was adopted at this stage to simplify subsequent 
scale-up criteria. The square cell units could be combined in a number 
of arrangements, namely series, parallel or a combination of both, in 
order to increase the capacity of the final prototype. The unit consis­
ted of a distributor and a square section column. The distributor was 
an inverted truncated right square pyramid with a 15cm X 15cm top sec-
overhead screen
column
included angle 
chargeorifice plate, 
bottom grid
FIGURE 2.1- Spouted bed apparatus.
tion, 5cm X 5cm bottom section, with a 60° included angle. Orifice 
plates of different sizes were placed between the bottom of the distri­
butor and the inlet pipe, thereby varying the ratio rc =(column 
diameter)/(orifice diameter). The column was built of perspex to permit 
visual observations and fitted on top of the distributor. A cyclone 
downstream of the device was used to recover the particles which were 
elutriated from the bed and not retained by the overhead screen. The 
airflow was provided by a large capacity centrifugal fan operated at 
2900 RPM. The characteristic curves for the fan are shown in Figure 
2.2. The airflow was measured using calibrated rotameters (Series 2000 
size 65X duralumin float). In such a system, the tobacco behaved in two 
different ways, depending upon the orifice size, mass of tobacco and 
flowrate used.
Bed circulation could be induced for larger orifice sizes and 
smaller loads of tobacco. The bed showed a very large expansion with a
resulting voidage £>99%. This value was based on a bed load of 100g,
expanded to occupy the total volume of the column, which gives a bed 
density of 4.3 kg/m? . This bed density, Pb , when used in equation (1.2) 
for a 16% moisture content tobacco, gives a voidage £=99.4%. Because of 
the large airflow needed to achieve this "fast-spouting" regime, high
FIGURE 2.2- Characteristics of the centrifugal fan.
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elutriation rates were observed. In most cases, the large airflow 
needed to start the bed motion entrained a large portion of the bed to 
the top of the column, where it was retained by the overhead screen. 
The airflow could then be reduced to maintain mobility of the remaining 
load of tobacco. The operation was not satisfactory because of the 
violent particle motion which resulted in severe breakage of the tobacco 
particles. These regimes are represented in Figure (2.3a) and (2.3b). 
For smaller orifice sizes or larger tobacco loads, the tobacco particles 
remained immobile, with the spout forcing a channel through the bed 
material. This regime is represented in Figure (2.3c). The difference 
between the two observed regimes (bed motion or channeling) was found to 
be a function of orifice size, mass and air flowrate. Figure (2.4) 
shows the boundary for the particular geometry.
It was thought at this stage that a steeper distributor would help 
the bed to move downwards into the spout, hence causing solid to be 
entrained into the spout. A 30° included angle distributor was tested 
but the tobacco behaved in the same way as with the previous distri­
butor. The operating region, which defines the conditions of orifice 
size, air flowrate and bed load under which cut lamina tobacco becomes 
mobile, is slightly larger than for the 60° included angle (see Figure 
2.4) and lower flowrates were necessary to induce circulation of the 
bed. The bed action showed a slight improvement with smaller expansion, 
resulting in lower elutriation rates. However, this simple spouted bed 
configuration was abandoned because of the large attrition of the tobac­
co particles.
In summary, cut lamina tobacco showed the following behaviour 
when handled in a conventional spouted bed;
with a small orifice, the air entering the bed at high velocity 
tended to blow a hole through the centre, leaving the tobacco 
immobile.
-with orifice diameters of 4cm and 5cm, the latter being the 
diameter of the inlet pipe, it was possible to induce an overall 
circulation of the bed. The bed action was not that of stable
FIGURE 2.3- Flow regimes in the spouted bed.
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spouting with a well-defined spout and annulus, but rather a 
random movement consisting of clumps of tobacco particles 
entrained upwards by the spout, and then moving downwards along 
the walls of the column.
-reducing the angle of inclination of the wall of the distributor 
slightly improved the bed circulation. The bed collapsed more 
easily towards the base of the spout and this helped to avoid the 
formation of a stable channel through the centre.
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FIGURE 2.4- Zones of operation in the spouted beds.
The behaviour observed in the first series of experiments led to 
the conclusion that conventional spouted beds are not capable of hand­
ling fibrous materials. The cohesion existing within a bed of cut
lamina tobacco is so strong that individual particles cannot be 
entrained in the spout. On the contrary, stable channels occurred and 
there was no movement of the bed, unless high airflows and large inlet 
areas are used, in which case the regime was very unstable.
2.1.2 SLOT SPOUTED BED WITH TANGENTIAL ENTRY.
A vortex-bed distributor, similar to that developed by Mitev et 
al (see Romankov (1971)), was built. The distributor is represented in 
Figure (2.5). The deflector screen, as described in the original 
design, was not included because it could cause breakage of tobacco 
particles. Air was admitted through a slot, the width of which could be 
varied from 0 to 1cm. The distributor was connected to the same square 
section column as in the previous series of experiments (section 2.1.1). 
In this design, the bed collapsed vertically into the spout, so that the 
entire weight of the bed is acting so as to push the particles into the 
airstream. The particles were then entrained along the opposite wall 
and allowed to disengage in the freeboard before falling to the bottom 
of the column. Thus a vortex-type movement was imparted to the bed.
After several experiments with fresh batches of tobacco, it was 
observed that well-defined vortex motion was very difficult to initiate 
and was indeed unstable. The solid flow pattern consisted of clumps of 
tobacco entrained by the slot airstream. After several minutes of such 
treatment, the long fibres were broken because of the turbulent condi­
tions in the bed and a much more stable regime was observed. Unfor­
tunately, this degree of attrition was unacceptable because it reduces 
the "fill value" of the tobacco for cigarette manufacture. Subsequent­
ly, several attempts were made to stabilise the vortex-type bed equip­
ment in order to process "unbroken" tobacco fibres.
overhead screen
(cl( diatniiont in caw)
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FIGURE 2.5- Slot spouted bed apparatus.
The maldistribution of airflow through the slot was a potential 
cause of the channeling which was thought to be the major cause of the 
unstable operation. According to Senecal (1957), a high pressure drop 
is required to ensure uniform flow through the type of slot distributor 
used in this work (see Figure (2.6)). The calculated pressure drop 
needed exceeded that available from the fan. An alternative method was 
attempted, consisting of varying the width of the slot until uniform 
flow was obtained. The uniformity of flow was confirmed using pitot- 
tube measurements along the length of the slot. However, the long fibre 
tobacco still behaved in an unstable manner. In most cases, a preferen­
tial channel appeared, blowing most of the material towards the other 
regions of the distributor, thus causing a larger resistance to airflow 
in these regions. The airflow, following the path of least resistance, 
redirected itself towards the channel. This behaviour escalated up to a 
point where the bed movement stopped. At this stage, it was impossible 
to restart the bed circulation, unless the material was redistributed 
evenly within the distributor.
FIGURE 2.6- Slot airflow distributor.
porous plate
Another experiment, using two tangential entry distributors back 
to back (see Figure (2.7)), was very unstable in operation. A partition 
in the column was used for start-up of fluidisation but when the parti­
tion was taken out, the two vortex-type patterns did not stay confined 
to their own distributor, and the tobacco load moved from one distri­
butor to the other, causing the bed action to stop. It was impossible 
to initiate the fluidisation in both distributors without the partition.
column
back fo back arrangemenf
FIGURE 2.7- Two slot spouted beds back to back arrangement.
Therefore, the concept of a series of tangential entry distributors back 
to back, each maintaining its own vortex solid flow pattern and ex­
changing with each other only a small amount of tobacco had to be 
abandoned. It is clear that cut lamina tobacco particles cannot be 
handled in conventional or slot spouted beds. The next step was to try 
a more sophisticated technique, a derivation of the spout-fluid bed.
2.2 DESCRIPTION OF MOBILE BED PROCESS.
2.2.1 PHYSICAL DESCRIPTION OF THE MOBILE BED DISTRIBUTOR
The spout-fluidisation technique was first introduced by Chatterjee 
(1970). It was a new contacting device, offering some characteristics 
of both fluidisation and spouting techniques. The mobile bed distri­
butor developed in the course of this work is derived from the spout- 
fluid bed concept and is shown schematically in Figure (2.8). The 
distributor shows the same square configuration adopted in section 2.1 
with the inclination of the four walls being 30° to the vertical. The 
lower section is 5cm square, while the upper section is 15cm square to 
fit the existing perspex column. The inclined surfaces contain a number 
of orifices positioned in three horizontal rows, the lowest row being at 
the junction of the base and the inclined wall. Each row contains 12 
orifices that were profiled as shown in figure (2.11) (3 per side). The 
lower section of the distributor contains a single orifice positioned on 
the central vertical axis. The airflow is introduced as two indepen­
dently controlled and metered supplies from the same centrifugal fan. 
Because cut lamina tobacco particles cannot be spouted or fluidised, a 
special vocabulary was needed in order to describe these two gas 
supplies. The "fluidisation" flow, provided by the high velocity jets 
from the wall nozzles, was named the mobilising flow. It serves two 
purposes in this device, namely to loosen and partially disentangle the 
bed material and to force the tobacco particles towards the central 
upwards moving region. In other words, it makes the bed material 
mobile. The "spouting" flow, provided by the single orifice on the 
lower section of the distributor, was named the accelerating flow. Its 
purpose is to promote an overall circulation of the bed material, to 
accelerate the particles in the upwards direction.
FIGURE 2.8- Mobile bed distributor.
MOBILISING DEVICE
mobilising flow
accelerating flow
a) distributor
b) mobilising orifices
c) accelerating orifice
d) mobilising air supply
e) accelerating air supply
f) plenum chamber
2.2.2 QUALITATIVE OBSERVATIONS OF MOBILE BED OPERATION
The first series of experiments using the mobile bed investigated 
qualitatively the behaviour of fibrous materials in such a device. The 
15cm square device was loaded with either 50g or 100g of tobacco: the
100g charge resulted in a full distributor. Increasing the charge by 
utilising part of the column above the distributor resulted in unstable 
operation. By independent control of the mobilising and accelerating 
flows, conditions for stable mobilisation of the tobacco were investi­
gated.
No accelerating flow.
When the mobilising flow is started, the bed moves away from the 
inclined walls of the distributor. The material is compressed and a 
cavity appears in the lower region adjacent to the lower orifices. As 
the flow is increased, the upper bed surface becomes domed and the bed 
lifts. Suddenly, the surface of the bed breaks and motion is apparent 
from the central vertical axis towards the walls. At this point, the 
entire bed becomes mobile, with a "rolling" circulating pattern. Gas 
and solids move upwards in the central core near the bed axis, while the 
particles move outwards in the freeboard and then downwards along the 
inclined walls. With increasing gas flow, the motion becomes more 
violent, until eventually the rolling mobilisation is disrupted and the 
charge is transported out of the column. Once mobilisation was esta­
blished, it was possible to reduce the gas flow below the level required 
to induce the initial motion, without losing circulation. The motion of 
the solid charge suggested that the fibres had been largely disentan­
gled.
Both mobilising and accelerating flows.
Stable mobilisation is possible over a range of flows when mobili­
sing and accelerating flows are used in combination. The behaviour of 
the bed is the same as that observed without accelerating flow. The 
mobilising flow needed to initiate motion is dependent upon the accele­
rating flowrate. The relationship between mobilising and accelerating 
flowrates at minimum incipient mobilisation is also dependent upon the 
orifice size of the accelerating nozzle. As the orifice size is reduced, 
the dependence upon the magnitude of the accelerating flow becomes more 
marked. Figure (2.9) shows schematically the range of stable mobilisa­
tion for different conditions of bed mass and diameter of accelerating 
flow nozzle.
FIGURE 2.9- Phase diagram of mobilisation.
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FIGURE 2.10- Change in particle size distribution after a 10 minute 
run.
Sieve analysis of the tobacco before and after 10 minutes of mobi­
lisation at M=1050 1/min, A=50 1/min, with <^=7 mm and bed mass=100g 
showed that breakage of particles was slight. The result is shown in 
Figure (2.10). Some dust and small sections of lamina were collected in 
the cyclone during the same run and this material amounted to less than 
2% of the initial bed mass.
2.2.3 SCALE UP OF THE MOBILE BED c
The effect of scale up on the mobilising operation was also 
examined in a qualitative way at this stage of the project. The larger
scale distributor was geometrically equivalent to the 15 cm distributor, 
with a square 30 cm side top section and a 5 cm side bottom section. 
The number of rows of mobilising orifices was increased to 4 , containing 
from lower to upper row respectively 2,3,3 and 5 orifices. The orifices 
were not profiled in this distributor in order to investigate the effect 
on the mobilisation behaviour. No scale up criterion was used and this 
configuration, which was found by trial and error method, gave the best
FIGURE 2.11- Profile of orifices in small and large distributors.
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results. The lower section still contained a single accelerating 
nozzle. A lm high column was fitted on top of the distributor. Both 
distributor and column were of perspex to permit visual observations.
The behaviour of cut lamina tobacco in the larger distributor was 
sensibly the same as in the smaller distributor. However, the accelera­
ting flow had a noticeably smaller effect upon the mobilising flowrate 
necessary to initiate mobilisation. In general, the system reacted well 
to the scale up and the operation remained stable. However the maximum 
bed load that could be mobilised, approximately 500g, was below that 
corresponding to a full distributor. This therefore suggests the exis­
tence of a limit in the possible scale-up of a mobile bed distributor.
2.3 CONCLUSION
In this chapter, a successful device, capable of handling a 
fibrous material, has been introduced in a qualitative way. Preliminary 
experiments showed that mobilisation is a stable operation. A first 
attempt to scale up the device showed good results as the system re­
mained stable, but also suggested the existence of a maximum possible 
size above which the system could become unstable. In the next chapter, 
a quantitative approach is used to determine the mechanisms governing 
the mobilisation technique.
CHAPTER 3 : MOBILISATION OF FIBROUS MATERIALS.
CHAPTER 3 : MOBILISATION OF FIBROUS MATERIALS
3.1 THE ONSET OF MOBILISATION
The mechanisms involved during the onset of mobilisation of a bed 
of cut lamina tobacco can be better described with the help of a plot of 
the bed pressure drop as a function of mobilising gas flowrate. Such 
curves were obtained for several bed loads in the 30cm distributor,
described in section 2.2.3, and figure (3.1) shows the typical beha-. .
XxxnfL 'O&QaQ. -Gksi& uH o&Wjt' SLuO iw Jw
viour.] The following sequence of events is observed as the mobs L l i s i n g ^ ^
flowrate is increased. No accelerating flow was used during these"^* Cxkxto* 
experiments; its effect will be dealt with in section 3.4.
FIGURE 3.1- Typical pressure drop - flowrate relationship.
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(1) For small mobilising flowrates, the tobacco behaves as a packed 
bed, with the pressure drop steadily increasing as the airflow is 
increased.
(2) The lower region of the bed starts to move away from the walls 
and a cavity appears. The compressed layers above the cavity act 
as a higher resistance medium and the pressure drop continues to 
rise along A-B.
(3) At point B, the bed is supported by the action of the gas flow
and the bed starts to expand, causing the pressure drop to fall
after this point. This leads to the existence of a peak in the bed 
pressure drop curve.
(4) After point B, the relationship between pressure drop and mobi­
lising flow is dependent upon the fibre length of the tobacco or in 
other words, upon the self-cohesion of the bed. It was observed
that for short fibre tobacco, the mobilising jets push the particles
out of their way and start behaving like free jets, thereby dimini­
shing the interaction between the gas and solids. With long fibre 
tobacco, the particles are entangled and the jets are confined to 
short distances before losing their identity.
(5) At a certain mobilising flowrate, corresponding to point C in 
figure (3.1), the pressure drop suddenly falls to approximately zero 
for a very short time and the bed becomes mobile. This phenomenon 
occurs suddenly and can be described as a discontinuity in the 
relationship between bed pressure drop and mobilising flow. The 
value of the mobilising flowrate at point C, called the incipient 
mobilisation flowrate, is very dependent upon the bed history and is 
not exactly reproducible.
(6) Once the bed is mobilised, the pressure drop remains substan­
tially constant for further increase of mobilising flow. The excess 
flow results in a more violent bed action and a higher bed expan­
sion, without significant effect on the pressure drop.
(7) When the mobilising flow is decreased, the bed remains mobilised 
until point C1 which corresponds to a lower value of mobilising flow 
than point C. This value is called the minimum mobilising flowrate. 
The bed pressure drop curve beyond this point depends on the manner 
in which the mobilisation stops. The bed material may collapse in 
an orderly fashion into a packed bed with no channel. In this case, 
the bed pressure drop increases sharply as mobilisation is lost and 
then decreases smoothly with reducing mobilising flow (path C'B'A). 
More frequently, the bed may collapse in such way that a preferen­
tial channel still exists. The pressure drop then remains at a low 
value, since most of the airflow passes through the channels and 
decreases slowly with decreasing mobilising flow (path C'B"A). If 
the mobilisation is restarted after the formation of such a channel, 
the pressure drop does not return to the original path ABC but 
remains approximately constant up to the point of incipient mobili­
sation.
Figure (3.2) shows the actual pressure drop-mobilising flowrate curves 
obtained in the 30cm square model. The experimental conditions are also 
noted on figure (3.2). Plate 1 shows the onset of mobilisation for bed 
load of 100g in the 15 cm model. The cavity can be seen in (2) while in
(4) the mobilisation suddenly starts. Further increase of the mobilisa­
tion flowrate, cases (5) and (6), simply causes larger bed expansions.
A 215 g
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FIGURE 3.2- Bed pressure drop measurements.
M = 200 1/min (IT = 0.15 m/s)
M = 1215 1/min (Uc = 0.90 m/s)
M =800 1/min (U =0.60 m/s) 
c
M = 1560 1/min (U£ “ 1.16 m/s)
M = 1700 1/min (U = 1.26 m/s)
c M = 1900 1/min (U - 1.40 m/s)c
PLATE 1: THE ONSET OF MOBILISATION.
3.2 GAS FLOW PATTERN IN MOBILISED BEDS
In this section, the gas flow pattern in the mobilising state is 
described. Visual observations through the perspex walls of the distri­
butor suggested that the particles were being entrained downwards by a 
flow of gas, since the particle velocity was much higher than expected 
from the result of the gravity force only. The existence of this en­
trained gas flow was tested with different methods.
The "rolling action" observed during mobilisation was inferred to 
be the result of an entrained gas flow, hereafter referred as E, pulling 
the particles downwards along the distributor walls. Therefore if E is 
responsible for the stability of mobilisation, inhibition of E would 
result in destabilisation of the "rolling" mobilised flow. Square masks 
of different open area were lowered down inside the 15 cm square side 
perspex column towards a mobilised bed (see figure. (3.3)). At a certain 
height, which depended upon the open cross-section of the mask, the 
system became unstable, with the bed suddenly lifting up to the top of 
the column. The relationship between the height at which mobilisation is 
disrupted and the open area of the mask is given in figure (3.4). The 
hypothesis advanced at this stage was that, with E interrupted by the 
mask, the tobacco particles were no longer entrained downwards at the 
walls, so that the whole bed moved upwards.
A tracer experiment was designed to confirm the existence of E. 
Five small holes were made along one side of the distributor as repre­
sented in figure (3.5). Helium tracer was injected through the central 
orifice, at a very low flowrate, so that any gas flowing alongside the 
walls would immediately entrain the tracer. Gas was sampled from the 
other four points at a constant volumetric flowrate with a vacuum pump.
FIGURE 3.3- Square mask experiments.
A katharometer was used to detect the amount of tracer gas in the sample 
stream, incorporated in a device normally used to measure very low air 
flowrates. The instrument's internal katharometer was calibrated for 
air and the substitution to an air/He mixture resulted in a change in 
its reading even though the actual volumetric flowrate was kept cons­
tant. The change in the instrument's reading was calibrated against the 
concentration of helium in the gas stream: figure (3.6) shows a linear
relationship between aX/Xg and the helium concentration. The procedure 
in the tracer experiment consisted of starting the helium flowrate and 
then sampling the gas at one of the four points (top,bottom, left or
'O
(-)
S column
FIGURE 3.4- Results of square mask experiments
• S i : injection 
s: sampling
FIGURE 3,5- Tracer experiment nozzle arrangment
FIGURE 3.6- Calibration curve for the katharometer.
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right). The flowmeter would react to the amount of helium present in 
the gas stream by showing a sudden reduction in the flowrate reading. 
Once the reading had reached a new lower constant value, the flow of 
helium was stopped. After a certain lag time, the flowmeter’s reading 
returned to substantially its original value, although the system showed 
a slight linear drift. The difference in level aX  measured in the four 
directions gave an indication of the main direction of the gas flow next
FIGURE 3.7- Typical response trace from the katharometer.
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to the walls. Figure (3.7) shows a typical response trace from the 
flowmeter for a mobilised bed. It is clear that the gas stream sampled 
from the bottom point contained more helium than the gas stream from the 
top point. Therefore the gas near the wall is flowing downwards, which 
proves the existence of E when the bed is in a mobilised state. The 
existence of entrainment from high velocity jets in a fluidised bed was 
also noted by Kvasha (1985) in what he describes as the "injected bed". 
He noted that this entrained gas flow was restricted to the periphery of 
the bed, within a ring of thickness 25-30 mm, and reports that the ratio 
(entrained gas flow/injected flow) can be up to 1300%.
Some tracer experiments were also carried out with a bed before 
the point of incipient mobilisation. In this case, the tracer gas was 
found mainly in the top sampling stream, thereby showing an upwards flow 
of gas. Therefore the entrainment of gas from the freeboard leading to 
a downward flow near the walls of the distributor is only present once 
the bed is mobilised. The flow pattern in a mobilised bed can therefore 
be represented as in figure (3.8).
FIGURE 3.8- Flow pattern in a mobilised bed. _
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3.3 MOnET.T.ING OF INCIPIENT MOBILISATION
From the observations described in section 3.1, it is possible to 
identify two predominant events in the bed pressure drop-mobilising 
flowrate curve: the peak pressure drop and the incipient mobilisation
point. For design purposes, these values are of most interest. It was 
also seen that the onset of mobilisation depends upon the bed history 
and the properties of the tobacco (cohesion of the bed). These varia­
bles were difficult to control, particularly for the tobacco properties 
which changed from one batch to another. It was therefore decided to 
consider only the case of long fibre tobacco and the first cycle of 
mobilisation, since this combination gave the largest peak pressure drop 
and the maximum mobilising flowrate at the point of incipient mobilisa­
tion. These values can then be considered as the maximum peak pressure 
drop and the maximum incipient mobilisation flowrate.
3.3.1 PEAK PRESSURE DROP CONDITIONS
Before point B in figure (3.1), the plug of tobacco was seen to 
behave as a packed bed with the bed pressure drop steadily rising with 
increasing mobilising flowrate. Assuming that the mobilising gas jets 
lose their momentum in a very short distance, allowing the airflow to 
become uniformly distributed over the bed cross-section, the pressure 
gradient through the bed at any height can be expressed by Ergun's 
equation
-dP = AU + BU2 (3-1)
dy
where U is the superficial gas velocity at height y, and A and B are 
empirical coefficients. The bed before point B can be represented as in 
figure (3.9). The flowrate in each region is considered to be the sum 
of the total gas flow entering below its lower boundary
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FIGURE 3.9- Plug of tobacco before the point of peak pressure drop.
(3-2)
where the rij represent the number of mobilising jets entering the ith 
region. The airflow is assumed to be uniformly distributed so that the 
velocity at height y is given by
Uj (y) = / (£+2ytana)2 (3-3)
The pressure drop through each region i can then be obtained by integra­
ting equation (3-1) from yi_i to yt
-APi =
yi
[AUj (y) + BUf (y) ] dy 
yi-1
(3-4)
Solving equation (3-4) with Ut given by equation (3-3), one obtains
-aP, = AQ1 [l/(4+2y1_1 tana) - (l/(i+2yitana)] +
2 tana
BQ? [(l/(il+2yi_1 tana)3 -(l/(£+2yi tana)3 ] (3-5)
6 tana
The total bed pressure drop is then obtained by adding the contributions 
aP4 .
APtot = I APi (3-6)
The total force on the plug of tobacco due to the pressure, can 
also be calculated from equation (3-1). The force per unit volume of 
bed is given by the pressure gradient
dF = zdP (3-7)
dV dy
Therefore using equation (3-1) with
dV = S(y) dy = (i + 2ytana}2 dy (3-8)
one obtains for the total force
Fp -
PH
[AU(y) + BTJ2 (y)] (£ + 2ytana)2dy (3-9)
0
The velocity U is different for different sections of the bed. 
Therefore, substituting equation (3-3) into equation (3-9),
fpi =
one obtains
yi
{[AQj] + [BQf/(£ + 2ytana)2 ]} dy (3-10)
yi-i
Fpi = AQt (yj-yj^) + BQ2 [ 1 - 1 ] (3-11)
2tana [(I + 2yt„Atana) (£ + 2yt tana)]
The total pressure force, F tot is obtained by adding the contributions
FPi-
Fp.«t =JFpi (3—12)
The upward force due to the gas jets can be calculated, assuming
that each jet transfers all its momentum instantaneously. The force 
transmitted to the plug of tobacco is therefore equal to the momentum 
flux carried by the jet at the vena contracta section, where the gas is 
no longer accelerated. Therefore, each mobilising jet exerts an upward 
force on the tobacco plug equal to
The cross-section area at the vena contracta can be calculated from 
the orifice discharge coefficient, which are obtained empirically from 
the pressure drop-flowrate curve measured in the empty distributor, 
since
The momentum flux carried by the gas leaving through the top section of 
the bed, assuming uniform gas distribution, is
From a momentum balance on the plug of tobacco as represented in figure 
(3.9), one obtains for the upward force Fy
fmi = [fu»§Svc]sina 
where uvc = (M/n)/Svc (3-14)
(3-13)
C = s /scm v c m (3-15)
where Sm = n<^/4 (3-16)
replacing (3-14) and (3-15) in (3-13), and for n jets
(3-17)
(3-18)
where Uc = M/Sc and Sc = d*. Therefore
(3-19)
Fv = CFmi " FM21 + Fp (3-20)
Substituting equation (3-17) and (3-19) into (3-20), one obtains
Fy (M) = [4 PM2 sinal - [PM*1 + Fp (M) (3-21)
[ CcmnTld2] [d| ]
At the point of peak pressure drop, the bed is entirely supported. Thus 
Fy (M) = "weight” = mg (3-22)
From equations (3-21) and (3-22), it is possible to calculate the mobi­
lising flowrate necessary to support a bed of cut lamina tobacco, pro­
vided the resistance of the bed as expressed by the coefficients A and B 
is known. These coefficients were obtained from packed bed experi­
ments, by the procedure described in Appendix 3.1. It was found that A 
and B can be calculated from
A = 25440 (l-£)2 (3-23)
e3
B = 12740 (1-E) (3-24)
£3
for the range of £>80%. The voidage £ was determined from the measured 
bulk density pb and the tobacco moisture content W from
Pb = Pp (l-£) (3-25)
with Pp = 665 (1+W) (3-26)
The derivation of equations (3-23) and (3-24) is reported in Appendix
3.1.
Therefore in order to estimate the point of "peak pressure drop" 
of a bed of cut lamina tobacco of bulk density Pb and moisture content 
W, the procedure is as follows:
(1) Calculate the bed voidage from equation (3-25) and (3-26).
(2) Calculate the coefficients A and B from equations (3-23) and
(3-24).
(3) Plot the ratio Fy (M)/mg as a function of Mf with Fy (M) 
calculated from equation (3-21).
(4) Determine the value of M for which value Fy (M) /mg=l.
(5) Calculate the APtot for the value of M found in (4), from 
equation (3-6)
Figure (3.10) shows a comparison between the predictions of bed pressure 
FIGURE 3.10- Comparison between model predictions and actual data.
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drop from equation (3-6) and actual results obtained in the 30cm distri­
butor, before the point of "peak pressure drop". The coefficients A and 
B, calculated from equations (3-23) and (3-24) respectively, for the 
conditions Pb =95kg/mf3 and W=16%, were A=570 and B=2330. In figure 
(3.11), the procedure to estimate the point of "peak pressure drop" is 
presented. The ratio (Fy (M)/mg) was calculated from equation (3-21), 
for bed loads corresponding to the data shown in figure (3.2). The 
points of "peak pressure drop", determined from figure (3.11), were then 
compared to the measured values in figure (3.12). The close agreement 
between expected and actual values suggests that the procedure is valid 
to predict the value of the "peak pressure drop". The orifice discharge 
coefficients for both distributors were obtained experimentally by the 
procedure given in Appendix 3.2.
FIGURE 3.12- Comparison between model predictions and actual data.
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FIGURE 3.11- Procedure to obtain the peak bed pressure 
drop.
(a)- Plot of Fy(M)/mg as a function of mobilising flowrate
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(b)- Plot of bed pressure drop as a function of mobilising 
flowrate.
(The values of mobilising flowrates found in (a) are used 
in (b) to determine the value of A pmax ) •
3.3.2 INCIPIENT MOBILISATION CONDITIONS
For long fibre tobacco, it was observed that the entire bed is 
supported by the gas flow at the point of "peak pressure drop". The bed 
is then lifted away from the walls of the distributor. From point B 
(see figure (3.1)) to point C, the fall in the bed pressure drop is 
therefore compensated by the increase in the momentum transfer from the 
mobilising jets. From a momentum balance around the plug of tobacco, a 
similar result as equation (3-21) is obtained, with the upward force 
being equal to the weight of the bed
4PM2 - PM2 + Fp - mg = 0 (3-27)
CCBnndS d*
momentum momentum pressure weight 
flux in flux out force
Therefore, the force due to the pressure drop, from the point of "peak 
pressure drop" to the point of incipient mobilisation, can be calculated 
from
Fp = mg - PM2 [ (4sina /Cc m nfld2) - (1/d2)] (3-28)
It was noted above, that in the mobilisation state, the gas flow pattern 
shows a region of downward flow near the walls of the distributor. This 
downward flow is due to the entrainment of gas by the mobilising jets, 
which behave essentially as free jets when the bed is mobilised. Before 
mobilisation, this downward flow of gas is not present (see section 
3.2). Therefore, in order to explain the sudden transition in gas flow 
pattern at the point of incipient mobilisation, a certain discontinuity 
must be looked for. Examining equation (3-28), it is clear that at a 
certain value of mobilising flowrate, the momentum transfer from the 
jets becomes sufficient to support the weight of the bed. At this point 
the pressure gradient through the bed becomes zero. Any further
increase of the mobilising flow would result in an unstable situation, 
since the momentum dissipation from the jets has become greater than the 
weight of the bed. The jets then start entraining gas from the free­
board and are able to do so since the pressure drop has become zero. 
Once the mobilising jets have started entraining gas downwards, the plug 
of tobacco is subject to a new distribution of forces and the bed is 
mobilised. Therefore from equation (3-28), the point of incipient 
mobilisation can be predicted as the point at which Fp=0. Thus
PM2[(4sina/Ccmnnd2) - (l/d*)] = mg (3-29)
or
Miffi =/ mg/{p [ (4sina/CcmnTid2 ) - (l/d* ) ]} (3-30)
Equation (3-30) can be used to predict the maximum of the range of 
conditions corresponding to incipient mobilisation, since it was derived 
assuming the entire bed to be supported by the gas jets. From visual 
observations through the perspex distributor walls, it was noted that 
this complete support of the bed was only possible in the case of long 
fibre tobacco or small bed load, in which the bed displays great cohe­
sion so that, before mobilisation, the tobacco behaves as a single plug. 
In most cases, especially in the larger scale model (30cm square), the 
plug of tobacco was not completely lifted away from the walls due to 
either the weaker self-cohesion of the bed observed for shorter fibre 
tobacco, or the larger bed load. The mobilisation started at lower 
mobilising flowrates in these cases. This can be explained by the fact 
that a part of the weight of the bed is still supported by the walls of 
the distributor, thereby necessiting lower mobilising flowrate to fulfil 
the requirement expressed in equation (3-29), for a smaller bed weight. 
Nevertheless, equation (3-21) was compared to the maximum incipient 
mobilisation flowrates that were obtained in the small and large beds
for different masses. Figure (3.13) compares the experimental and 
calculated values. The close agreement suggests that equation (3-30) is 
valid and can be used to predict Mj m .
FIGURE 3.13- Comparison between predicted and measured maximum incipient 
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3.4 INFLUENCE OF ACCELERATING FLOW ON MOBILISATION
It was seen in section 2.1 that a bed of cut lamina tobacco can 
not be mobilised solely by the action of the accelerating flow. How­
ever, the circulation of the bed was improved in the 15 cm model when 
the accelerating flow was present. It was also noted that the mobili­
sing flow necessary to initiate mobilisation is dependent upon the 
accelerating gas flowrate. A first attempt to model the influence of 
the accelerating flow at the point of incipient mobilisation was presen­
ted by Legros et al, (1985). The model was based on a force balance 
leading to the calculation of an internal normal stress distribution 
along the central plane of the bed. The criterion for incipient mobili­
sation was that the bed becomes mobilised once the tension in its upper 
layer exceeds a certain value. This limiting value was then used to 
obtain a relationship between mobilising flow, M, and accelerating flow, 
A, at the point of incipient mobilisation. Figure (3.14) shows the 
predictions from the model compared to two sets of experimental data 
obtained in the 15 cm model for an accelerating nozzle diameter of 7 mm. 
For larger accelerating nozzles, the influence of A upon M at incipient 
mobilisation becomes weaker, as observed in section 2.2.3; the model 
does not predict this behaviour. For the 30cm model, the predictions 
were even less reliable: the model predicted a stronger influence of
the accelerating flow on the mobilising flow needed at incipient mobili­
sation, while in fact the opposite behaviour was observed. Therefore, 
because of several inconsistencies between the predictions and the 
actual observations, the force distribution model was rejected. Its 
derivation was nevertheless useful since it provided the first indica­
tion of a possible downward flow of gas along the distributor walls 
which was demonstrated subsequently (see section 3.2).
A simpler approach was then used to predict the influence of the
FIGURE 3.14- Relationship between M and A at incipient mobilisation 
point from force balance model (Legros et al.,1985).
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accelerating flow. Considering equation (3-29), which was used to 
predict the point of incipient mobilisation, and adding the contribution 
of the accelerating flow to the momentum flux in and out, one obtains
4 PM2 + 4 PA2 - P(MfA)2 + Fp - mg = 0 (3-31)
Cc„nn<^ Ccand| d*
where Cca is the discharge coefficient of the accelerating nozzle. At 
the point of incipient mobilisation, the bed pressure drop is assumed to 
be zero. Equation (3-31) then gives a relationship between M and A 
which, after algebraic manipulation, can be written
[(4sina/(Ccmnnd2)-(l/d2)]/>M2 + [(-2/»A/<? )]M +
[ (4fA2/Ccanc3|) -mg] = 0  (3-32)
Equation (3-32) predicts the correct trends observed from the experimen­
tal data, i.e. a larger influence of A in the smaller scale model than 
in the large one, for identical accelerating nozzle diameters^ and a 
greater influence of A in terms of flowrate as dg is reduced. These 
characteristics of equation (3-32) are shown in figure (3.15). Figure
FIGURE 3.15- Behaviour of momentum balance model.
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(3.16) compares the predictions from equation (3-32) and actual measure­
ments obtained in both 15cm and 30 cm distributors. In general, the 
model predicts adequately the observed behaviour except for large acce­
lerating flowrates and small accelerating nozzle diameter. In these 
cases, the model predicts much lower mobilising flowrates at incipient 
mobilisation than are actually required. The observations showed that 
the value of M does not continuously decrease with increasing A, as 
predicted by equation (3-32), but in fact reaches a constant value. At 
this point, the mobilising flowrate at incipient mobilisation is no 
longer dependent upon the accelerating flowrate. This is due to the 
smaller contribution of the accelerating jet in the momentum balance. 
At high accelerating jet inlet momentum, the tobacco is pushed out of 
the jet path and the jet interaction with the solid is reduced. 
Therefore, the simplistic assumption of instantaneous transfer of 
momentum from the gas jet to the solids is no longer valid for the 
accelerating jet at this point. The model seems to deviate largely from 
the actual measurements when the ratio rm = (accelerating jet momentum/ 
total jet momentum) or
reaches a value around to rm = 0.6. This value of rm is indicated, when 
possible, in figure (3.16). However, the agreement observed between the 
model and the actual results, confirmed that the mobilisation of a 
fibrous materials is a "momentum controlled" process and this is a 
significant result for further development of the mobilisation concept.
(4fA2/Ccand|) (3-33)
r.m
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FIGURE 3.16- Comparison between model predictions and actual data.
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3.5 MIXING CONDITIONS AND HEAT TRANSFER
In this section, the mixing characteristics of both solids and 
gas phases are discussed. For design of fluidised bed processing opera­
tions, it is common practice to consider both phases as being perfectly 
mixed with heat transfer rates high enough to permit rapid equilibration 
between the gas and the particles (Vanecek, 1966). Several heat 
transfer experiments were carried out in the mobilised bed device to 
determine whether the same assumption can be made in the present case. 
The heat transfer experiments were carried out in the mobilised bed 
dryer which is described in section 4.3.1.
3.5.1 EXPERIMENTAL PROCEDURE
The equipment was left to equilibrate at the chosen temperature 
and flowrate. The humidity of the air was that of ambient conditions. 
Several batches of "bone dry" tobacco were prepared by drying in a 
ventilated oven for four hours at 110° C and then sealed in plastic bags 
and left to cool down and equilibrate for 24 hours. The "bone dry" 
tobacco was very brittle with very short fibres. The mobilisation could 
therefore be started at a flowrate lower than m calculated from 
equation (3-30). At 0=0, a batch of "bone dry" tobacco at temperature
b © was introduced to the distributor section. The following parame­
ters, shown schematically in figure (3.17), were recorded at the follo­
wing time intervals with an "Orion" data acquisition unit;
inlet temperature T0 
plenum temperature Tx 
tobacco temperature T2
2s t
min
Is
Is
Is
outlet temperature T„ Is
2nd
min
Is
Is
Is
Is
3rd
min
5s
5s
5s
5s
4th +
min
15s \
15S \ v'iWjs&b
415s.
15s /
The tobacco temperature was measured with an infrared thermometer (des­
cribed in Appendix 4.1). All the other temperature measurements were 
made using copper-constantan thermocouples. The runs were terminated 
when the tenperatures reached constant values. Figure (3.18) shows a 
typical set of temperature traces.
FIGURE 3.17- Apparatus for heat transfer experiments.
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3.5.2 ANALYSIS OF RESULTS
A theoretical model for the transient change of the tobacco 
temperature was developed using the following assumptions;
FIGURE 3,18- Typical temperature curves.
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-both gas and solids phases are perfectly mixed in the mobilised 
bed.
-gas and particles reach rapid thermal equilibrium.
•Hie system can be represented as in figure (3.19). Unit (1) represents 
the plenum chamber, with unit (I1) accounting for the heat loss before 
entering the distributor itself. Unit (2) represents the bed of cut
r
To
distributor heat loss tobacco 
thermal capacity of unit i
T2
FIGURE 3.19- Heat transfer model.
lamina tobacco. An enthalpy balance on unit (1) gives 
GCp f (%-T,) = JL d V d G  
Solving equation (3-34) with the initial condition, 
V 0 )  = Tie 
one obtains
(Tft-T, (Q)) = exp[-(GCpf/J1)0] 
(T,-Tie)
(3-34)
(3-35)
(3-36)
The heat loss (unit(l')), only results in a temperature drop 
Tl (0)-TA ' (0) = C 
Combining equations (3-36) and (3-37)
(3-37)
(3-38)V ( 0 )  = Te - C  - (Te-T10)exp[-(GCpf/J1)0]
The gas enters the bed of tobacco with a temperature TA * (©). An 
enthalpy balance on unit (2) gives
GCpf (Ta ’-T2) = J2dT2/d0 (3-39)
Replacing Tt ' with equation (3-38) and rearranging, one obtains the 
linear differential equation
d(T0-T2) + GO,, (T,-T2) = GC„f 1C + (T„-T, Jexp[-(GC„,/J, )0] I (3-40) 
~ae J2 j2
with initial condition
T2 (0) = T20 (3-41)
The solution can be expressed as
T^e“T2 ) = (Tfl-T, B ) (Kj/fK^ -K, )) [expf-K, e)-exp(-K,e)] +
<t0- O
(C/(T0-T2 0))[1-exp(-Kg 0)] + expf-KgG) (3-42)
where = GCp f / and = GCpf/J2
Figure (3.20) compares the experimental curves for tobacco temperature 
as a function of time with T2 (0) calculated from equation (3-42). The 
close agreement observed between the two traces indicates that the 
assumptions made in deriving equation (3-42) were valid. It is there­
fore concluded that the mixing conditions in the mobilised bed are such 
that the system can be considered as being perfectly mixed.
3.6 CONCLUSION
A simple momentum balance led to the derivation of a model capa­
ble of predicting adequately the two engineering parameters important 
for the design of a mobilised bed process unit: the peak pressure drop
and the maximum incipient mobilising flowrate. The model also describes 
the influence of the accelerating flow and gives good predictions of the 
effects of the accelerating nozzle diameter upon the relationship 
between M and A at incipient mobilisation. However, the model is incon­
sistent for large accelerating flow, because the assumption of uniform 
flow above the tobacco plug is too simplistic. This assumption is 
reasonable when only mobilising flow is present or at low accelerating 
flow, since the jets in those cases lose their identity before reaching
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FIGURE 3.20- Model prediction of bed temperature.
the surface of the plug. Further development of the model should 
therefore take into account the fact that the momentum flux carried by 
the outgoing gas is larger than calculated by assuming uniformly distri 
buted flow above the bed.
The determination of the gas flow pattern showed the existence of 
a downward flow near the distributor walls due to the entrainment from
the jets. Because of this recirculation of gas, the gas phase can be 
regarded as perfectly mixed. The particular "rolling action" of a 
mobilised bed permitted the same assumption to be made concerning the 
solid phase. A heat transfer model, derived with the assumptions of 
perfectly mixed gas and solid phases and rapid thermal equilibration of 
both phases, predicted adequately the transient bed temperature curves 
obtained in the mobilised bed. Therefore, the hydrodynamics and heat 
transfer characteristics of the mobilised bed, determined in this chap­
ter, can be used for the design of a mobilised bed unit. The mass 
transfer characteristics are the subject of the next chapter.
CHAPTER 4 : DRYING OF TOBACCO IN A MOBILISED BED.
CHAPTER 4 DRYING OF TOBACCO IN A MOBILISED BED.
4.1 INTRODUCTION
In the previous chapters, a novel device for contacting fibrous 
materials with a gas has been described. A potential application of the 
system is for drying cut lamina tobacco. In this section, the drying 
characteristics in the mobilised bed are discussed.
Fluidised bed drying has, in general, found many applications 
using conventional particulate solids. An excellent review of over 
fifty applications may be found in Vanecek et al., (1966). However, for 
food products, the benefits of fluidisation (improved heat and mass 
transfer rates and uniformity of conditions within the bed) have not 
been widely utilised. Food particles differ from conventional solids in 
shape, size, bulk density and surface roughness and it is hence 
difficult to predict their behaviour during fluidised bed processing. 
Many ingenious devices have been developed to deal with particular 
problems. The spouted bed, for example, was first developed during work 
on wheat drying (Mathur & Gishler (1955)). The technique is now well 
established for treating non-conventional, coarse solids, and is des­
cribed in detail by Mathur & Epstein (1974). Becker & Sallans (1960) 
developed a design procedure for drying wheat in a spouted bed, which is 
based on the moisture diffusion rate within the wheat particle as the 
controlling mechanism. The procedure is well described in an example 
found in the appendix of their paper. Peterson (1962) ,who dried peas, 
lentils and flax in a spouted bed, found that his data would not fit the 
Becker & Sallans' model, and he correlated the amount of water evapo­
rated in the dryer empirically as a function of feed moisture content, 
inlet air temperature and flowrate. Brunello et al. (1974) dried barley 
malt in a spouted bed and observed a constant rate period which 
obviously cannot. be described by the diffusion model. Ritic et al. 
(1984) compared the drying behaviour of soybeans in thin layers and in
fluidised beds. They found that the diffusion model could be applied 
for the falling-rate period. They report a somewhat lower effective 
diffusion coefficient in the fluidised bed, presumably due to a larger 
drop in temperature in the fluidised bed compared to the thin layer bed.
An ingenious modification of the fluidisation technique, to deal 
with the non-conventional properties of foodstuffs, is the centrifugal 
fluidised bed (ref. Lazar & Farkas (1971)). Larger airflows may be used 
in such a device despite the usual low bulk density of many food 
products. The technique has been successfully applied for drying pieces 
of potato, apple and carrot (Lazar & Farkas (1971)), bell pepper, beet 
(Hanni et al.(1976)) and quick-cooking rice (Roberts et al. 
(1979), (1980)). When dealing with materials which are difficult to
*
fluidise, another approach is fast fluidisation. Yerushalmi et al. 
(1978) describes a fast-fluidised bed as being essentially a dense en­
trained suspension, characterized by the presence of aggregates of 
particles in clusters and strands. The technique presents an alterna­
tive method of drying sticky materials such as seaweed (Norwegian design 
(1961)). Mechanical actions, such as vibration of the fluidised bed, 
have proved to be successful in processing non-conventional materials. 
Shah and Goyel (1980) applied the technique for drying tea. In this 
chapter, the drying potential of the new mobilised bed developed to 
handle a difficult material, tobacco, will be examined.
4.2 DRYING MECHANISM FOR TOBACCO
A review of the theory of drying will be used to establish the 
possible drying mechanisms for cut lamina tobacco in the range of mois­
ture content of interest (8% to 30% dry basis).
4.2.1 GENERAL THEORY OF DRYING
Drying a wet material involves the vaporisation of the water 
contained in the solid, and the removal of the resulting vapour by a gas 
stream, usually air. Let us consider a wet solid placed in an air 
stream at a known temperature and humidity. During an initial period, 
the solid will adjust itself to the new environment with or without loss 
of moisture. This initial period is usually very short and is ignored in 
the majority of theoretical models. Drying then proceeds via either a 
constant-rate drying period, a falling-rate drying period or a combina­
tion of both. For the former period, the solid is said to behave as a 
free surface of moisture and the rate of evaporation is fixed by the 
external drying conditions i.e. temperature, humidity, and flowrate of 
the drying medium. The latter period is characterized by a continuously 
decreasing rate of drying, which suggests that the controlling step 
becomes the rate at which moisture can reach the surface of the solid. 
The evaporation may take place only at the surface of the solid in which 
case liquid moisture migrates within the solid to the evaporation inter­
face, by either a capillary flow or a diffusion process. Evaporation 
could also take place inside the solid and, in this case, both liquid 
and vapour transfer processes involve either capillary flow or dif­
fusion. In the next section 4.2.2, a more detailed discussion of the 
mechanisms involved during the falling rate period is presented. In 
order to clarify subsequent discussion, a definition of the principal 
terms used in drying is appropriate.
p,pv : vapour pressure and saturation vapour pressure. 
aw : activity of water inside the solid, defined as the
ratio of vapour pressure exerted by the liquid in
the solid to the vapour pressure of pure water.
N  = P/Pv
W : moisture content dry basis (mass water/unit mass).
We : moisture content when the solid is in equilibrium with
its environment (mass water/unit mass), 
bound moisture : moisture contained in the solid with 
activity aw <1.
unbound moisture : moisture contained in the solid with
activity aw=l.
free moisture : moisture contained in the solid in excess
of We or (W-We) 
hygroscopic : solid which tends to absorb water vapour 
from the air: hygroscopic materials
represent solids whose moisture possesses 
an activity aw<l.
If the solid is allowed to stand for a long period of time in contact 
with the drying medium, an equilibrium moisture content is reached which 
depends on the temperature and humidity of the medium. Many investiga­
tors have studied the equilibrium conditions of hygroscopic materials. 
Crump (1965), reported that in cellulosic materials such as tobacco, the 
water takes two different forms; an adsorbed state, corresponding to a 
monolayer on the internal walls of the pores, and an absorbed state 
corresponding to water present in the internal solid structure of the 
tobacco particles. Crump also showed that sorption and desorption of 
water in tobacco can be regarded as a single process which is the 
transfer of water from the absorbed state to the gaseous state, since
the rate of transfer from the absorbed to the intermediary adsorbed 
state is too rapid to be distinguished. It was also reported by Crump 
that no hysterisis can be observed for sorption and desorption in 
tobacco.
It is important to be able to predict the equilibrium conditions 
for -a- given set e§ drying conditions , £ince the maximum water one can 
evaporate from a hygroscopic material is the free moisture only. 
Chirife et al. (1978a, 1978b) reviewed the principal models for water 
sorption isotherms of foods. It was shown that, for vegetable mate­
rials, the model developed by Halsey(1948) is probably most appropriate. 
Iglesias et al. (1975) used the Halsey model to correlate several sorp­
tion isotherms of food products, and found in most cases excellent fits. 
The two parameter correlation is of the form
ln(ln(pv/p)) = A ln(W) + B  (4-1)
where A and B are empirical constants determined from sorption 
isotherms. Figure (4.1) shows equation (4-1) with A=-0.652 and B=- 
1.95, plotted with actual sorption isotherm data for cut lamina tobacco 
(ref. B.A.T.). The fit is acceptable and so the form of equation (4-1) 
will be used to predict the equilibrium moisture content for the work 
reported herein.
4.2.2 DRYING MECHANISMS IN THE FAT.T.TNG-RATE PERIOD
Falling-rate drying is characterized by the fact that moisture 
from within the solid cannot be supplied to the surface at a sufficient 
rate to accommodate the drying potential imposed by the external drying 
conditions. At a specified moisture content, defined as the critical 
moisture content, the rate of drying becomes controlled by the internal 
movement of moisture. In general terms, the mass flux of moisture
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FIGURE 4.J.- Equilibrium moisture content for tobacco.
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through any cross-section of solid is governed by
N = -|K|•(grad P) (4-2)
where |K| is a proportionality tensor which depends upon the property of 
the solid f and P is some scalar potential whose gradient determines the 
mass flux. The potential is dependent upon the mechanism involved. When 
the transfer properties of a solids are different for different direc­
tions, the medium is known as anisotropic. In this case the general 
tensor |K| must be used, since the moisture transfer is not necessary 
normal to the surface of constant potential P. For isotropic media, or 
in the case of unidirectional mass flux, the tensor |K| reduces to a 
single term, and equation (4-2) then simply states that the moisture 
flux, N, is at all points perpendicular to the equipotential surface. 
In this section, a review of the principal mechanisms and the corres­
ponding equations will be discussed.
4.2.2.1 LIQUID DIFFUSION
In the case of moisture movement governed by liquid diffusion, 
the potential P at any point in equation (4-2) is the concentration, C.
N = -|K| • (grad C) (4-3)
or in terms of moisture content
N = —|K|•(grad(PW)) (4-4)
where W is the moisture content expressed in kgHgO/kg dry solid. The 
proportionality tensor is replaced by the effective diffusion tensor 
|Dej. An unsteady-state mass balance on an element of solid leads to
i(PW) + div(| DPJ *grad(PW)) = 0  (4-5)
i0
It has been demonstrated recently by Samejima & Yano (1985), 
that, for particle width-under 2.5 mm, moisture was sorbed mainly 
through the cut faces of cured lamina tobacco particles, rather than 
through the leaf epidermis. The tobacco particles used in this work 
have a width of 1.0 mm; hence it can be assumed that the moisture 
migration occurs in only one direction, which is through the cut faces. 
Therefore for simplicity, only unidirectional flow perpendicular to the
De can becut faces will be considered. In this case the tensor 
replaced by the simple term Dexx or De . Equation (4-5) then becomes, 
assuming a uniform solid density,
6W/&0 = h/hx (De i>W/}>x) (4-6)
To solve equation (4-6), both initial and boundary conditions
must be specified. Considering the initial condition the solid can 
enter the falling-rate drying period either (1) at 0=0 ,or (2) after a 
certain time 0cr at the end of the constant-rate period. In case (1), 
the initial condition is straightforward and is written as
at 0=0 W(x,0) = W0 (4-7)
In case (2), Sherwood(1931), using equation (4-6) for a constant drying 
rate with a constant diffusion coefficient, observed that at the end of 
the constant-rate period, the moisture distribution within a slab tends 
toward a parabolic shape. Therefore in case (2), the initial condition 
is
at 0=0cr W(x, 0) = WB- [ (Wm-Ws )x2 ] (4-8)
where 0C r corresponds to the end of the constant-rate period and is 
taken as the reference time so that 0=0 in the falling-rate period. The 
values of Wm and Ws , the maximum and surface concentration respectively, 
can be calculated knowing that
wave (e=0) = w0 (4-9)
and
UW(x,0)/ix) =(-l/PDe) Nc (4-10)
where Nc is the rate of drying during the constant-rate period in 
kg/m2 s.
Sherwood(1929) solved equation (4-6) assuming a constant effec­
tive diffusion coefficient and the following boundary condition
at G>0 W(surface,9) = We (4-11)
which implies that the surface of the solid reaches instantaneously the 
hygroscopic moisture content in equilibrium with the gas phase. The 
resulting equation relates the ratio of the average free moisture con­
tent to the drying time for an infinite slab in the form
(W -W.) = 8 f U /(2n+l)» exp(-(2a+l)8Dr (n/2b)»9)l (4-12)
(We -We)
where b = half thickness of the slab. Newman(1931a) reports the corres­
ponding equations for other shapes, namely sphere, cylinder, slab and 
combinations of these.
Newman(1931b) solved equation (4-6) assuming a constant diffusion 
coefficient, but with a more general boundary condition. Instead of 
neglecting completely the external resistance to mass transfer as in the 
development of equation (4-12), he assumed that the rate of evaporation 
at the surface is proportional to the free liquid concentration at the 
surface. Therefore, at the surface, the mass flux will be
N = P De (-&W/&X) = h(W-We) at x= ±b (4-13)
where h is a parameter which Newman terms "surface emissivity" and which 
is effectively an external mass transfer coefficient. The solution of 
equation (4-6) with initial condition (4-7) and boundary condition (4- 
13) is
where L = bh; a dimensionless parameter
f$n= eigen values (positive roots of (J/cotp=L)
It is worth noting that equation (4-12) is a particular case of equation 
(4-14) for the case h=oo (external resistance negligible). Newman 
(1931b) also presents the solutions for the case of parabolic initial 
moisture distribution (initial condition (4-8)), and for other shapes 
(sphere and cylinder). Figure (4.2) shows equation (4-14) for different 
values of hb.
The two previous derivations have been made assuming a constant 
diffusion coefficient. Both solutions (equations (4-12) and (4-14)) 
appear approximately linear when the logarithm of (W-We ) / (W0 -We ) is 
plotted as a function of time. Crank (1975) calculated the solutions of 
equation (4-6) for a multitude of initial and boundary conditions with 
constant and variable diffusion coefficient. Aguerre et al. (1985) 
solved equation (4-6) numerically with initial condition (4-7) and 
boundary condition (4-11) for the case of three different types of 
arbritrarily chosen concentration dependence of the diffusion coeffi­
cient:
exponential: De =De 0 exp[kt (E£ 2-1)] (4-15)
o©
(W-We) =2j2W<Bj*(&*+l.2+L)) exp(-p*Dee/b2)} (4-14)
o
potential : De=De0 [(l-k^E?2 + Jq ]
hyperbolic : De=De0 [(1-lq )/(l-k1E?£2 )]
(4-16)
(4-17)
where E = (W-We)/(W0-We) : dimensionless free moisture content. 
Iq fkg = fitted parameters.
FIGURE 4.2- Solution of diffusion equation for various external 
mass transfer resistance.
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The results showed that although the diffusion coefficient could 
decrease by a factor of 3 to 6 during each run, the correlation coeffi­
cients for the nearly straight portion of the plot of logE as a function
diffusion coefficient, an average value De, calculated from the nearly 
straight portion of the curve log(W-We )/(W0-We ) versus drying time, 
gives a good representation of the actual drying process. This feature
porous materials. Table (4-1) shows several cases where equation 
(4-11) has been used to correlate results for food products. It is 
interesting to note that, in almost all cases, the effective diffusion 
coefficient varied with temperature according to an Arrhenius-type rela­
tionship. Although all the equations so far in this section have been 
under the heading "liquid diffusion", one must emphasize that these 
equations can be applied for other mechanisms of moisture migration. It 
will be seen for example that, in the case of vapour diffusion, the 
partial pressure gradient "driving force" can be related to the moisture 
content gradient "driving force" for hygroscopic materials (see section 
4.2.2.3). The resulting equation is equivalent to equation (4-6) the 
solution of which, assuming a constant effective diffusion coefficient, 
is either equation (4-12) or (4-14).
4.2.2.2 CAPILLARY THEORY
The mechanism involved in the capillary migration of liquid mois­
ture is analogous to the rise of water observed in capillary tubes. The 
suction occurs because of smaller radius capillaries at the surface of 
the solid formed by shrinkage during drying. The outer layers of the 
solid then act as tapered capillaries. The liquid migrates towards
of time, were above 99%. Therefore even for a concentration dependent
explains the widespread use of equation (4-12), even in
liquid diffusion is obviously not the real moisture migration mechanism# v^>SfsuJ^ 2^
TABLE 4-1 : Review of previous investigations
MATERIAL INITIAL
MOISTURE
CONTENT
(g/gdry)
RANGE OF De 
(cm2/sec) 
RANGE OF T 
(°C)
ACTIVATION
ENERGY
Ea
(cal/gmol)
REFERENCE
tapioca
root
2.0 0.4-1.0xl0-5 
55°-100°
5400 Chirife.
(1971)
sugar beet 
root
2.5-3.6 0.4-1.0xl0-5 
40°-81°
6900 Vaccarezza
(1974)
grain
sorghum
0.21 0.9-3.0x10-7 
20°-50°
7500 Suarez.
(1980)
avocado — 0.4-1.0x10-5 
45°-65°
Alzamora.
(1980)
potato
slab
3.5-5.0 2.6-6. 4x10"6 
54.5°-69°
12500 Saravacos
(1962)
rough rice 
grain
0.22 0.3-1.0X10-6
400-70°
9900 Aguerre.
(1982)
cotton seed 
endosperm
0.24 0.3-1.0x10-6
400-90°
13800 Farinati.
(1984)
french 
fried pot.
>1.5
43°-93°
4888 Chiang.
(1985)
fish 5.0 0.3-0.9x10-5 
40°-55°
-- DelValle. 
(1968)
wheat
kernel
.12-.24 0.8-4.0x10-7 
25°-50°
12200 Becker.
(1959)
wheat
kernel
.12-.30 0.07-2.8x10-6
20°-79.5°
12920-
16300
Becker.
(1955)
soybeans .42-.62 0.9-2.6x10-6 6900- 
7200
Kitic.
(1984)
cod muscle 3.2 1.6-3.5x10-5
15°-100°
7190-
8780
Jason.
(1958)
starch
gel
.063 -- 8100 Fish.
(1958)
tobacco
leaves
6.7-8.5 
2.1-2.65
3.2-8.1x10“9 4130
4530
Chen.
(1968)
30°-50°
gradually smaller channels, at a flowrate which is a function of the 
effective radius of the channels and the viscosity of the liquid. As 
might be expected, the mass flux is very dependent upon the moisture 
content of the solid. If the moisture content falls below a minimum 
moisture content needed to preserve the meniscus in the smallest capil­
laries, the suction can no longer operate.
In terms of mass flux, the potential P is the concentration of 
liquid, C as in the case of diffusion (see section 4.2.2.1). Equation 
(4-2) becomes
N = -Pe (gradC) (4-18)
where Pe is the permeability of the drying material and depends on the 
characteristics of the solid (e.g.pore size distribution). The resis­
tance to moisture migration along the capillaries of the solid is then
defined as the reciprocal of the permeability.
The mass flux for a flow of liquid along a system of capillaries 
of radius r, may be expressed as
N = Vavc A„ P, (4-19)
where Vave :average velocity of liquid through capillaries 
Aw :effective cross-section of capillaries.
Pl : density of liquid 
Peck et al. (1969) developed the following equation for permeability as 
a function of moisture content
Pe = Pe0 exp(2B(W’-W0') (4-20)
where Pe 0 : reference value of permeability at W0 1.
W 1 ,W0 1 : ratio of water content to water content
necessary to fill all the pore volume.
B : empirical constant in the relation between 
the largest capillary filled with water, rc, 
and the water content, W.
(rc = exp(A’ + BW) (see Peck et al.(1969))).
using Poiseuille's law for laminar flow to describe the flow of water 
through the capillaries. An unsteady-state mass balance on the system 
gives
P bWbQ + div(N) = 0 (4-21)
which, for unidirectional flow, becomes
bW/bO = ±_(Pe bW/bx) (4-22)
bx
Equation (4-22) may then be solved using equation (4-20) as the expres­
sion for the permeability Pe. The boundary condition used in the 
solution is the actual drying rate at the surface of the solid. In 
terms of heat and mass transfer rates
-Pe (bW/bx) - h(Ta -Ts ) = ka a„ (p-ps ) at x= ±b (4-23)
x
where h : heat transfer coefficient.
kg : gas phase mass transfer coefficient.
x : heat of vaporisation of water, 
ap : effective surface for heat and mass transfer.
(p-ps) : partial pressure "driving force"
Therefore to solve equation (4-22), the values for h or kg , ps or Ts,B 
and Pe0 must be known. An analytical solution is not possible so equa­
tion (4-22) must be solved numerically.
4.2.2.3 VAPOUR MIGRATION MECHANISMS
In the case of evaporation taking place inside the solid, the
vapour migration out of the solid becomes the process controlling the
overall drying rate. The migration mechanism may be either by laminar
flow of vapour through a capillary system under a pressure gradient, or
by gaseous diffusion through the pores of the solid.
Capillary flow of vapour.
According to Poiseuille's law for laminar flow in a capillary of 
radius r and length z, the mass flux may be expressed as
N = (Pf-PJ Pg„» r2 (4-24)
8|jzR^ T
where Px ,P2 : pressure
R* : universal gas constant for water 
M : vapour viscosity 
Pave : average pressure +P2)/2
In terms of the general equation (4-2), equation (4-24) becomes
N = (Pava r2) [1/RwT(aP/z)] = -Pm [gradfP/R^T)] (4-25)
8M
The potential is the density of vapour within the solid, (P/RWT)=PV, and 
the proportionality constant, defined as the permeability, is
r2) (4-26)
8m
which has the same dimensions as De (section 4.2.2.1) and Pe (section
4.2.2.2). Equation (4-26) shows that the permeability coefficient is
inversely proportional to the viscosity, which in turn increases with 
temperature. Therefore the temperature dependency of Pm is (1/T).
An important point to remember is that Poiseuille's law for laminar flow 
of vapour can only be applied in the case when an absolute pressure 
difference between the inside and outside of the solid exists, as for 
instance in vacuum drying. For other types of drying, absolute pressure 
gradients are either negligible or non-existent, and the vapour reaches 
the surface by diffusion.
Vapour diffusion
Krischer (1938) (reported in Van Arsdel(1963)) described the mecha­
nism of vapour diffusion as follows. The vapour, supplied by evapora­
tion of liquid water in the pores, diffuses from zones of higher water 
partial pressure toward zones of lower water partial pressure. The 
potential P of equation (4-2) is therefore the density of water vapour 
in the pores of the solid. The equation describing the mass flux of 
vapour is
N =-^_ ( P. ) U(p/VW/ttJ (4-27)
0 (Pa-p)
where Dw : diffusivity of water vapour in air.
Pa : atmospheric pressure, 
p : water vapour pressure.
<t> : diffusion resistance factor.
The diffusion resistance factor O, depends upon the geometry of the pore 
system of the solid and also, in hygroscopic materials, very strongly on 
moisture content. An unsteady-state mass balance on the system for 
unidirectional flow gives
MJ/40 =J_[®„/(|.)(Pa/(pa-p)){i/RvT)(»p/4x)] (4-28)
&X
For hygroscopic materials, the partial vapour pressure gradient may be 
related to concentration gradient or moisture content gradient as follow
bp/bx = (bp/ iW) (iW/ bx) (4-29)
where Up/bW) can be estimated from the desorption isotherms. In terms 
of moisture content gradient, equation (4-28) becomes
bW/bO - b/bx (De" bW/bx) (4-30)
where De" =_DH_ (Pa/(Pa-p) (l/I^ T) (bp/bW)
O
Equation (4-30) is equivalent to equation (4-6) and if one is to assume 
a constant diffusivity, all the equations derived in section (4.2.2.1) 
can be employed. It was suggested in section (4.2.2.1) that even for a 
non-constant effective diffusion coefficient, equation (4-12) remains
sufficiently accurate to predict drying curves. For design purposes, 
equation (4-12) is very attractive, since effective diffusion coeffi­
cients are easily obtained from laboratory drying tests and can be used 
to predict drying behaviour under different conditions. In the next 
section, the results of several drying runs using a fixed-bed will be 
used to confirm whether the simple diffusion model is applicable to the 
drying of cut lamina tobacco.
4.2.3 MECHANISM ANTICIPATED FROM FIXED-BED EXPERIMENTS.
Several drying runs were performed during the course of this 
work using the Harwell S.P.S. drying kinetics rig. The results, com­
bined with previous ones obtained for British-American Tobacco Limited, 
will be used to determine the drying behaviour of cut lamina tobacco. 
The results of the drying runs are reported elsewhere (Confidential 
Harwell report), and only the analysis is presented here.
The drying runs at 170°C for different air flowrates showed 
linear dependence of the maximum drying rate on the mass velocity of 
the drying medium, air. On the other hand, a set of drying runs 
performed at 80° C shows no influence of air flowrate above a mean air 
velocity of approximately 0.8 m/s, as indicated in figure (4.3). It can 
be argued that the drying runs at 170° C, which show quite large inac­
curacies in the mass balance, could have been the results of phenomena 
other than drying, such as the generation of water by sugar decomposi­
tion, because they show a higher drying rate than could be expected from 
the evaporation of bound free moisture.
From the observations made at 80° C, it is clear that the drying 
rate of tobacco is internally controlled for air velocities above 0.8 
m/s. The simplest model is without doubt the liquid diffusion model. A 
very large number of analytical solutions of the diffusion equation are 
available in the literature from the analogous case of heat diffusion 
(Carslaw and Jaeger, (1947)). The analysis of the data will begin with 
the use of equation (4-12).
The experimental results were plotted with log[(W-We)/(W0-We )] as 
a function of time. The equilibrium moisture content was determined 
from the sorption isotherms or equation (4-1). The linear portion of 
each curve was then used to calculate an effective diffusion coefficient 
according to equation (4-12). Figure (4.4) shows the experimental data 
compared with equation (4-12) at different temperatures. The effective 
diffusion coefficients used in the computation of equation (4-12) are 
also noted. Good agreement is observed between the diffusion model and 
the actual experimental data. The logarithm of the effective diffusion 
coefficient was plotted as a function of the reciprocal of absolute 
temperature (1/T) in figure (4.5) . A linear relationship is observed,
FIGURE 4.3- Results of fixed-bed experiments at T=80°c.
1
*io"2
20,
“O x 0,258m/s
□ 0,512 m/s 
O 0,788m/s 
o 1,026 m/s 
* 1,293 m/s
cn
r3^ 22.
I—
LU
h-
z
o
LJ
LU
CO
o
z:
3520 25
time (s)
X10‘
FIGURE 4.4- Determination of effective diffusion coefficients.
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leading to an Arrhenius-type relationship between the diffusion coeffi­
cient and temperature
De = De0 exp(-Ea/RT) (4-31)
The values for De 0 and Eg , determined by a least-square fit are
De0 = 0.10 cm2/s = 1.0E-05 m2/s 
Ea = 6220. cal/gmole. = 26000 J/mol.
(4-32)
(4-33)
The regression coefficient calculated was R2=99.9%. This is in agree­
ment with most of the results of similar investigations (see Table (4- 
1)). The Arrhenius-type relationship obtained between the effective 
diffusion coefficient De and the temperature, suggests that the limiting 
process is the sorption-desorption mechanism through the pore walls of 
the tobacco. This is similar to the diffusion process through polymeric 
membranes (Treybal (1980)). The activation energy relates to the jump 
of a molecule of the diffusing substance from one position to another, 
over a potential barrier. One can therefore imagine the moisture migra­
tion within the tobacco particles as being a combination of sorption- 
desorption of water molecules through the walls of the pores, which 
consists of jumps from one absorption site to another, followed by water 
vapour diffusion within the pores. The controlling stage is then the 
diffusion through the pore walls, whose temperature dependence is des­
cribed by an Arrhenius-type relationship. This mechanism also explains 
the large variation of effective diffusion coefficient for water obser­
ved in different materials (see Table 4.1), since the interaction 
between the diffusing water and the solids is different for different 
chemical structures.
4.3 MOBILISED BED DRYING
4.3.1 EXPERIMENTAL APPARATUS
The mobilised bed dryer is represented in figure (4.6). Alumi­
nium plates (3mm. thick) formed the inverted truncated square pyramid. 
The upper section is a square of 280 mm side, while the lower section is 
a 50 mm square. The inclination of each wall is 30° to the vertical. 
Each wall contains 13 X 3.8mm diameter orifices arranged in four rows 
having respectively 2,3,3 and 5 orifices/row (see figure (4.6):insert 
a.). The lower section contains a single circular orifice positioned on 
the central vertical axis.
A glass column, which is capable of sustaining higher temperature 
than perspex was mounted on top of the distributor to permit visual 
observations. Air, which was introduced in the same manner as in the 
perspex models (see section 2.1), could be heated by mean of a low 
pressure drop infrared heater. Steam injection into the heated air 
stream was used to control humidity. The instrumentation on the dryer 
is shown schematically in figure (4.7).
4.3.2 EXPERIMENTAL PROCEDURE
Prior to any measurements, the dryer was left to equilibrate at 
the chosen conditions of temperature, air flowrate and humidity. The 
steady-state condition was confirmed by recording continuously the out­
let air dry and wet bulb temperatures. At 0=0, the airflow was directed 
through a by-pass line and the load of tobacco introduced to the dryer 
through an opening in one of the sides of the column. The airflow to 
the device was reinstated at once and the measurements started. The 
loading of the tobacco took approximately 20 seconds, during which time, 
loss of moisture is assumed to be negligible.
30 cm
3A cm
3.5 cm
stainless
steel
glass
mobile bed 
distributor
mobilising flow^-»- j
accelerating flow
FIGURE 4.6- Mobile bed dryer
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FIGURE 4.7- Drying experiment apparatus.
The moisture content of the tobacco was measured continuously in- 
situ, using an infrared moisture analyser (details in Appendix 4.1). 
For the last 16 runs, wet and dry bulb thermocouples, placed before the 
cyclone, were used in an attempt to measure the outlet air humidity. 
Tobacco temperature was recorded continuously, using an infrared pyro­
meter (details in Appendix 4.1) mounted on top of the column. Care was 
taken to ensure that the field of vision of the pyrometer contained only 
tobacco, without any sight of the surrounding walls. All the thermocou­
ples and voltage outputs from the infrared moisture analyser and 
infrared pyrometer were recorded using an "ORION" data acquisition unit.
Once the readings from the infrared analyser had reached a value 
approximately equivalent to 8% moisture content (see Appendix 4.1 for 
infrared moisture analyser calibration), the airflow was directed 
through the by-pass, and a sample of tobacco was collected from the 
dryer. For each run, samples of tobacco were taken before and after 
drying, to be analysed for moisture content in a standard British- 
American-Tobacco Limited oven test. This oven test consists of drying 
samples of 10 g in a ventilated oven for 16 hours at 100°C (see Appendix
4.1 for the complete procedure).
For the first 20 runs, the following parameters were recorded at 
the indicated time intervals:
1st 2nd 3,4,5th 6th+
min. min. min. min.
Inlet temperature 30s. all time
Outlet air temperature 30s. all time
Tobacco temperature Is. 3s. 15s. 30s.
Tobacco moisture content Is. 3s. 15s. 30s
For the last 16 runs, the recorded parameters were:
1st 2nd 3,4,5th 6th+
min. min. min. min.
Inlet temperature (w&d) 10s. all time
Nozzle temperature Is. 3s. 15s. 30s.
Bed temperature Is. 3s. 15s. 30s.
Tobacco temperature Is. 3s. 15s. 30s.
Tobacco moisture content Is. 3s. 15s. 30s.
Outlet temperature (w&d) Is. all time
The drying conditions for the 36 runs are presented in Table (4-2).
TABLE 4.2 : EXPERIMENTAL CONDITIONS.
RUN Tg mass G w0 Wf %RH
(°C) (kg) (kg/s) (-) (-) (-) (-)
1 50.4 0.35 0.048 0.286 0.092 0.180 0.022
2 49.3 0.30 0.048 0.286 0.094 0.180 0.022
3 50.4 0.30 0.048 0.286 0.096 0.180 0.022
4 50.1 0.35 0.048 0.282 0.097 0.180 0.022
5 73.4 0.35 0.048 0.282 0.073 0.060 0.010
6 72.8 0.30 0.048 0.282 0.074 0.060 0.010
7 87.1 0.30 0.048 0.336 0.065 0.038 0.008
8 87.3 0.30 0.048 0.329 0.064 0.038 0.008
9 87.8 0.35 0.048 0.346 0.068 0.038 0.008
10 87.9 0.35 0.048 0.346 0.056 0.038 0.008
11 50.2 0.30 0.048 0.346 0.113 0.180 0.022
12 49.9 0.30 0.048 0.278 0.098 0.180 0.022
13 66.9 0.30 0.048 0.310 0.093 0.080 0.012
14 66.8 0.30 0.048 0.310 0.092 0.080 0.012
15 69.1 0.30 0.059 0.305 0.087 0.075 0.116
16 68.1 0.30 0.059 0.415 0.098 0.075 0.012
17 95.1 0.30 0.059 0.415 0.071 0.026 0.007
18 95.5 0.30 0.048 0.361 0.075 0.026 0.007
19 97.5 0.35 0.048 0.361 0.079 0.026 0.007
20 98.1 0.40 0.048 0.361 0.077 0.026 0.007
21 81.6 0.30 0.048 0.329 0.131 0.032 0.008
22 68.0 0.30 0.048 0.346 0.095 0.050 0.009
23 68.0 0.30 0.048 0.203 0.089 0.055 0.010
24 68.4 0.30 0.048 0.263 0.092 0.055 0.010
25 68.2 0.30 0.048 0.368 0.094 0.055 0.010
26 86.4 0.30 0.048 0.263 0.080 0.025 0.007
27 87.0 0.30 0.048 0.203 0.075 0.030 0.-007
28 87.3 0.30 0.048 0.368 0.074 0.034 0.008
29 82.1 0.30 0.048 0.373 0.085 0.134 0.017
30 84.1 0.30 0.048 0.373 0.074 0.058 0.010
31 80.0 0.30 0.048 0.364 0.107 0.230 0.028
32 47.4 0.30 0.048 0.364 0.136 0.330 0.043
33 47.3 0.30 0.048 0.206 0.121 0.320 0.041
34 57.9 0.30 0.048 0.260 0.104 0.200 0.024
35 57.9 0.30 0.048 0.213 0.101 0.200 0.024
36 46.6 0.30 0.048 0.260 0.129 0.310 0.039
4.3.3 EXPERIMENTAL RESULTS
Moisture content curves
The voltage output from the moisture analyser was translated into 
moisture content using the equation
W = [<V-Vf)/(V0-Vf)](W-Wf) + Wf (4-34)
where V : actual voltage at 0.
V0 : voltage at 0=0.
Vf : voltage at the end of drying run.
W0 ,Wf : initial and final moisture content
determined from oven tests.
The accuracy of the method was tested from independent measure­
ments of the outlet humidity for the last 16 runs, which were used to
calculate the instantaneous drying rate at any time from the equation
-m (dW/d0) = G (ft-#) (4-35)
where m : mass of tobacco in the dryer (dry basis).
G : air mass velocity, 
ft : exhaust air humidity at 0.
#  : inlet air humidity.
Equation (4-35) was then integrated to obtain the moisture content as a 
function of time. Figure (4.8) shows a comparison between the two 
methods. Close agreement was found in most cases. However, during 
several runs, it was not possible to calculate such a curve from the 
outlet humidity trace, because tobacco dust was deposited on the wet 
bulb thermocouple, which then gave erroneous results.
FIGURE 4.8- Validation of drying curves.
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Tobacco temperature curves
The voltage output from the infrared pyrometer is directly pro­
portional to the actual temperature in degree Celsius, a change of 1 mV 
corresponding to 1°C. Figure (4.9) shows a typical tobacco temperature 
curve during a drying run.
Other measurements
For all the other temperature measurements, the resistance of the 
copper-constantan thermocouples was translated into degree Celsius, 
through an in-built facility of the "ORION’' data acquisition unit.
FIGURE 4.9- Typical bed temperature curve.
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4.4 ANALYSIS OF RESULTS
In this section, the heat and mass transfer characteristics for 
drying in the mobilised bed dryer are determined from the experimental 
results. It is clear from section 4.2.3 that the drying rates for 
tobacco were internally controlled in the fixed-bed experiments for 
superficial velocities in excess of 0.8 m/s. The drying rate then 
becomes a property of the material itself, and is independent of the 
mass transfer characteristics of the handling device. A similar
approach, based on the simple diffusion transfer model, is used to 
analyse the drying curves obtained in the mobilised bed and determine 
whether the drying rate is still internally controlled in this case.
4.4.1 COMPARISON OF DRYING CURVES WITH DIFFUSION MODEL.
The curves of moisture content as a function of time were plotted 
according to equation (4-12). The equilibrium moisture content for each 
run was determined either from the sorption isotherms or equation (4-1). 
(The plots for the 36 runs are found in Appendix 4.2.) In all cases, 
straight lines were obtained without the initial curvature predicted by 
equation (4-12). This can be explained by considering heat transfer 
effects and will be discussed in section 4.5. From the slope of the 
linear portion, an effective diffusion coefficient was determined using 
the relationship
slope = (11/2)2 De (exp.)/b2 (4-36)
for the half thickness taken as b=0.5 mm.
Table (4-3) shows the values of De {exp.) for each of the 36 runs and the 
corresponding temperature. The reported temperatures correspond to the 
final bed temperature recorded during each drying runs. The logarithm 
of De (exp.) as a function of 1/T is plotted in figure (4.10). The 
results show a linear relationship between log(De) and (1/T) or an 
Arrhenius-type relationship. The coefficients De0 and Eg in equation 
(4-37) were calculated from a linear regression.
De =10.2 exp(-9450/RT) (csg units)
or (4-37)
De = 0.00102 exp (-39500/RT) (SI units)
The regression coefficient for the straight line in figure (4.10) is
R2=9 4 %. Figure (4.11) compares the value of De obtained from equation
FIGURE 4.10- Influence of temperature on the effective diffusion
coefficients (mobile bed, experiments) .
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(4-31) using data from the fixed-bed experiments at temperature T £ 70° C 
and values obtained from equation (4-37) using data from the mobilised 
bed experiments for 45°<T<85°. The two curves which intersect at tempe­
ratures around (70°-80°) show different gradients. Many factors can 
caused this apparent discrepancy, the obvious one being the facts that 
different batches of tobacco were used. It can also be explained by a 
change in the sorption-desorption mechanism of diffusion through the 
walls of the pores (see section 4.2). above a certain temperature. It 
was noted that at 170°C for instance, degradation of sugar molecules 
within the tobacco was the source of water causing an error in the 
overall mass balance during the fixed-bed experiments. The activation 
energy then becomes temperature dependent since the actual medium 
through which the water molecules must diffuse is chemically changing 
with temperature. Therefore, a result such as shown in figure (4. i»> 
could be anticipated for heat sensitive materials such as biological 
tissue like tobacco leaves.
TABLE 4.3 : DIFFUSION COEFFICIENTS CALCULATED FROM DRYING CURVES.
RUN ^bedf De RUN ^bedf De
(°C) (xlO-6 cm2/s) (°C) (xlO-6 cm2/s)
1 47.8 3.75 21 68.7 9.50
2 46.8 3.75 22 54.6 5.75
3 46.8 3.50 23 54.7 5.25
4 47.0 3.50 24 55.4 5.25
5 66.4 8.75 25 54.9 5.75
6 64.2 8.25 26 72.7 10.25
7 70.0 10.75 27 71.1 9.25
8 70.0 11.00 28 72.7 10.50
9 70.5 9.75 29 69.5 7.75
10 71.0 10.75 30 70.2 8.63
11 46.0 3.75 31 67.3 5.50
12 45.8 3.75 32 43.4 2.75
13 58.2 6.75 33 43.8 3.00
14 57.6 6.25 34 50.4 3.75
15 60.6 8.25 35 50.3 3.75
16 59.6 8.50 36 43.1 2.75
17 84.0 17.50
18 80.0 15.50
19 78.0 14.50
20 79.0 14.00
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FIGURE 4.11- Comparison between fixed-bed and mobile bed results
In order to predict the correct shape for the drying curves, 
equation (4-12) may be modified in such a way that the initial curvature 
in the plot of log(W-We) / (W0 -We ) as a function of time is eliminated, 
since it was not observed during the actual drying tests. The simpli­
fied equation to predict drying curves for different conditions of 
temperature in the mobilised bed dryer, is
(W-We)/(W0-We)=exp(-(n/2b)2 De e) (4-38)
where De is calculated from equation (4-37). Figure (4.12) shows how 
the model (equation (4-38)) can be used to predict the actual drying 
curves. For comparison purposes, equation (4-12) is also shown in figure 
(4.12).
4.4.2 SIMULTANEOUS HEAT AND MASS TRANSFER MODEL.
Simple heat transfer experiments (see section 3.5) showed clearly 
that the mobilised bed system may be regarded as being perfectly mixed 
for both gas and solid phases. The equations employed stated that heat 
was transferred from the gas phase to the solid phase at a rate fast 
enough to achieve thermal equilibrium of both phases. The heat transfer 
only increased the temperature of the solids. In the case of drying, 
the heat transfer from the gas phase to the solids phase is consumed by 
both heating the particles and evaporating the moisture. Under the same
assumptions as in section 3.5, that is no internal resistance to heat
transfer and perfect mixing in both gas and solid phases, a differen­
tial enthalpy balance gives
G Cp (Ta-T) = m Cs dT/d0 + mXdW/dO (4-39)
where T is the tobacco temperature at 0, and Cp ,CS are the specific 
heats of air and tobacco respectively. The drying rate (dW/dO) is eva-
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FIGURE 4.12- Prediction of drying curves.
luated from the equations derived in the previous section 4.4.1, resul­
ting in the expression
dW/d0 = — (fl/2b)2De (W0-We ) exp(-(fl/2b) 2De 0) (4-40)
The first-order differential equation (4-38) can be solved with the 
initial condition
at 0=0 T=T0 (4-41)
and assuming all the physical properties Cp, Cs and x are constant 
throughout the whole drying run
T=Ta-(x/Ca) {(n/2b)2De (We-Wc)) [exp(-Ai ©l-expf-A* 0)
-(Ta-T0 )exp(-h2 O) (4-42)
where \  = (n/2b)2De and ^  = (GCp/mCs).
FIGURE 4.13- Effect of Cs on the prediction of bed temperature.
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In fact, the value of Cs varies with moisture content according to the 
expression (see section 1.2)
C = r + C W (1-3)S S 0 W '
where Cs0,CW are the specific heat of bone-dry tobacco, and water res­
pectively. Solving equation (4-38) analytically for this case becomes 
difficult, and a numerical solution is more appropriate. A fourth- 
degree Runge-Kutta method was used to solve equation (4-38) with
FIGURE 4.14- Comparison between model and actual data.
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equation (1-3) for Cs . The comparison between the analytical and the 
numerical solution is shown in figure (4.13). The value of the specific 
heat was taken at the average moisture content. It is observed from 
figure (4.13), that the analytical solution describes quite adequately 
the transient of the tobacco temperature for a change in moisture 
content from 30% to 10%, using an average specific heat calculated at 
20%. The transient tobacco temperature equation (4-41) was then 
compared to measurements taken during the drying runs, using an effec­
tive diffusion coefficient calculated from the drying runs. Figure (4. 
14) shows that the model fits the experimental results adequately.
4.5 CONCLUSION
A model based on a diffusion mechanism of moisture migration was 
developed in order to predict drying curves for any drying conditions in 
the mobilised bed. The theoretical equation (4-12), from which the 
model was derived, predicted a curvature in the plots of log (W-We ) / (W0 - 
We ) versus time, which was not observed for the experimental results. 
Therefore equation (4-12) predicts a higher initial drying rate than is 
actually observed, thereby predicting shorter overall drying time. This 
behaviour has been observed by many authors as reported by Vaccarezza et 
al. (1974), and can be adequately explained using heat transfer effects. 
At the beginning of the batch operation, the bed temperatures are always 
much lower than the inlet air temperature. The drying rate is then 
affected by the rate at which heat is transferred to the solid, while 
the lower bed temperature also results in a lower effective diffusion 
coefficient. The combination of these two effects accounts for the 
lower initial drying rates observed during the drying tests.
All the effective diffusion coefficients calculated from drying 
runs carried out in the mobilised bed at different conditions of bed
loads, air flowrate and relative humidities, can be expressed adequately 
by a single Arrhenius-type relationship with temperature. It was there­
fore clear that the assumption of internally controlled drying rate, 
made in the derivation of the model (equation (4-12)), is applicable in 
the case of mobilised bed drying. The average superficial velocity in 
the distributor was of the order of 0.5m/s, which is lower than the 
superficial velocity of 0.8m/s, found to be the lower limit for neglec­
ting external mass transfer resistance in the fixed-bed experiments. 
However, in the lower part of the distributor, the superficial slip 
velocities between the gas and the particles are much higher and are of 
the order of 2.5m/s (calculated from the flowrate from the lower row of 
orifices only, distributed over the lower section of the distributor, 
i.e.[u=0.04(m?/s)(8/52)/(0.052(m2))=2.5m/s]. It is therefore in this 
section that the boundary condition at the surface of the tobacco are 
determined. From this point upwards, the particles are accelerated up 
to a velocity which is comparable to the gas velocity. At the top of 
the bed, the slip velocity between gas and particles becomes much lower 
than the 0.8m/s necessary for negligible external mass transfer resis­
tance. In Appendix 4.5, it is shown that the reduction in drying rate 
that can be calculated for the extreme case of a semi-infinite stagnant 
medium surrounding the particles for a period of time corresponding to 
the actual solid recirculation time, can be neglected. Therefore, 
although the average superficial velocity is lower than the limit 
(0.8m/s) found in the fixed-bed experiments, the drying rate still 
remains internally controlled because of the high recirculation rate of 
the particles. Equation (4-12) can, therefore, still be applied.
The internal resistance to heat transfer can normally be neglec­
ted for tobacco when compared to the interphase gas-solid resistance 
(ref .Chang & Johnson (1969)). Therefore a uniform temperature profile
is assumed within the solid. The agitation and heat transfer rates 
encountered in the mobilised bed are sufficient to ensure rapid thermal 
equilibration between the gas and solid phases. A simple energy balance 
on the system, leading to equation (4-42), can predict accurately the 
transient response of the bed temperature.
The equilibrium moisture content is greatly influenced by the 
temperature and relative humidity of the drying medium. A correlation 
of sorption isotherm data, based on Halsey's model, was seen to predict 
satisfactorily the equilibrium moisture content (equation (4-1)). 
Therefore, the equations developed in this chapter can be employed to 
predict the variation of moisture content and bed temperature for a 
batch of tobacco drying in the mobilised bed, for given conditions of 
Ta ,G and m.
As a summary, the procedure to estimate the time required to dry 
cut lamina tobacco in a batch operation is presented in figure (4.15).
> EQ. (4-
> EQ.(4
> EQ. (4
no
(4-43)
INPUT : WQ ,W,
CALCULATE W
INPUT
ESTIMATE D( 
AT T=Ta
CALCULATE D( 
AT T=Tf
CALCULATE Tb 
TRANSIENT CURVE 
OBTAIN Tf AT Wf
CALCULATE DRYING TIME 
FROM
0 = I£G(W0-We)/(Wf -Wo 
(fj/2b) 2De
Figure 4.15- Procedure to estimate drying time for batch 
operation.
1)
-37)
-41)
CHAPTER 5 : DESIGN OF A MOBILE BED PROCESSING UNIT.
CHAPTER 5 : DESIGN OF A MOBILE BED PROCESSING UNIT
In this chapter, the equations developed in the previous sections, 
relating to the hydrodynamic, heat and mass transfer properties of the
mobilised bed, are used for the design of a mobile bed processing unit.
5.1 DESIGN REQUIREMENTS
The unit in question is a dryer which will process cut lamina 
tobacco from downstream of the cutting machines. The design specifica­
tions for such a dryer should meet the following requirements;
1-1500 kg/h (wet basis) of cut lamina tobacco containing 13.5%
(wet basis) moisture is to be produced.
2-The process must maintain conditions such that the mechanical 
properties of the particles remain ductile, to minimise breakage.
3-The feed to the dryer contains a maximum of 25% (wet basis) 
moisture content.
4-There should be a single feed line. The tobacco arrives at the 
dryer at a temperature of 25°C.
5-The upper temperature limit of the particles should be 125°C.
6-The moisture content distribution in the product stream should 
be such that only 1 particle in 3000 contains more than 15% (wet 
basis) or less than 12% (wet basis) moisture content.
The design parameters given above represent actual requirements for a 
typical tobacco primary process.
5.2 RESIDENCE-TIME DISTRIBUTION OF A SERIES OF MOBILE BED CELLS
From the mixing characteristics determined in section 3.5, each 
mobile bed unit can be assumed to have the residence-time distribution 
of a perfectly mixed system. It is therefore necessary that the dryer 
consists of several cells in cascade in order to avoid too much under­
dried or over-dried material. The limit for the moisture content dis­
tribution at the dryer outlet is given by design requirement (6). The 
dryer should therefore resemble the arrangement presented in figure 
(5.1), with n mobile bed cells in series and n-1 plug flow regions 
between the cells. The population-balance principles applied to model­
ling of flow and mixing characteristics in vessels were formally orga­
nised by Danckwerts, (1953). The residence-time distribution function, 
or E-curve, for a series of n perfectly mixed unit is given as 
(Himmelblau and Bischoff, 1968)
where 0ave is the total mean residence-time for n units. The effect of 
the plug flow regions will be ignored since the residence-time of the 
tobacco in these zones is very short compared to the overall drying 
time. The moisture content distribution is obtained by combining equa­
tion (5-1) with equation (4-38) which gives the moisture content as a 
function of the drying time. Therefore, by cross plotting E(0) as a 
function of W(0) for 0 varying from 0 to », the moisture content distri-
FIGURE 5.1- System of n perfectly mixed cells in series.
(5-1)
solid stream
bution curve, or E (W), for W varying from W0 to We is obtained for 
different value of 0ave . The average moisture content of a stream of 
materials having a distribution given by E(W) is obtained from
We
W E(W) dW
W (0 ) = woa v e  'V a v e  ' — ______ (5-2)
We
E(W) dW
W0
The F-curve, which represents the cumulative proportion of solids having 
left the vessels after a residence-time of 0, is a more useful tool to 
determine the number of mobile bed cells in cascade that is necessary to 
meet the design requirement (6). The F-curve is by definition
F (0) = E (0) d0 (5-3)
Similarly, the F-curve representing the proportion of solids having a 
moisture content of W or more is given by
E(W) dW
F(W) = W0
We
W0
E(W) dW
(5-4)
The design requirement (6) can therefore be written in terms of F(W)
F(0.176) = 1/3000 = 0.00033
and
F (0.136) = 1 - 1/3000 = 0.99967
Figure (5-2) shows the F-curve for a series of perfectly mixed units up 
to n=15 for different equilibrium moisture content We and a bed tempera­
ture of 100° C. The integrations needed in the computation of equation 
(5-4) were evaluated numerically. It is clear from figure (5.2), that 
the number of CSTR in series to fulfil equations (5-5a) and (5-5b) is 
well above n=15. This number of cells is excessive and a mobile bed 
dryer consisting of that many cells in cascade would lose one of the 
main assets of fluidised bed systems : simplicity.
Therefore in the following section, the design of a mobile bed 
dryer with only 5 cells in series will be discussed. The moisture 
content distribution of the product will obviously not fulfil the requi­
rement fixed by equation (5-5a) and (5-5b), and a certain lag period 
should be allocated between the dryer outlet and the beginning of the 
secondary process (cigarette-making machines) in order to meet the 
design requirement (6) by redistribution of moisture within the tobacco 
mass.
5.3 DESIGN OF A FIVE CELLS MOBILE BED DRYER
In this section, the procedure to obtain the design specifica­
tions of a 5 cell mobile bed dryer is presented. The unit is shown 
schematically in figure (5.3). The temperature, size and residence-time 
for each cell will be determined from the procedures described below.
5.3.1 MOISTURE CONTENT DISTRIBUTION OF PRODUCTS
The procedure to obtain the average moisture content for the 
product stream was discussed in section 5.2. It was seen that by combi­
ning the residence-time distribution E(0) with the drying time function
(5-5a)
(5-5b)
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0 (W)f the average moisture content can be obtained (see equation (5-2)). 
In the case of a non-isothermal dryer, certain simplifications are 
needed in order to calculate the average moisture of a stream of mate­
rials after the ith unit, each unit being at a different temperature. 
The procedure adopted was to consider that the i units so far were at a 
constant mean temperature, Tave, which was calculated so that the 
diffusion coefficient at Tave is the arithmetical average of the dif­
fusion coefficients estimated at Tj.
(5-6)
i
FIGURE 5.3- Five cell mobile bed dryer.
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The average moisture content after unit i is therefore calculated from
We
W Et (W) dW
W, we (5-7)
We
Ea (W) dW
we
where Et (W) represents the combination of EA (0) and 0 (W), 0 (W) being
calculated for (Tave)A and Et (0) calculated from equation (5-2) for n=i.
5,3.2 SIZE OF THE DRYER
A certain number of parameters must be considered in order to
take a decision regarding the size of a mobile bed cell. The procedure
which is based on the parameters described below gives a set of possible 
design specifications capable of handling a certain load of tobacco.
(A) According to the model developed in section 3.3.2, the momentum
flux of the mobilising jets minus the momentum flux carried by the 
outgoing gas, should equal the weight of the bed at the point of 
incipient mobilisation. As a first estimate the momentum flux 
carried by the gas above the bed can be neglected. Equation (3-30) 
can then be written as
Fm = f M2 sina = mg (5-8)
Sm P sina
(B) The inlet velocity of the mobilising jets at the vena contracta is
C Sc m m
or
M* = mg Crm (5-9)
(5-10)
or
Uvc = ( _ M _ >  (5-11)
(C™ SJc m m '
(C) The mean gas velocity above the bed is given by
Uc = (_MJ (5-12)
<3? )
(D) The pressure drop across the distributor is
*Pdist = JLjU (5-13)
2
replacing uvc with equation (5-11), one obtains
d^ist = _L±& = M _ M _)2
2CCn 2 (CC„SJ
(E) The power required is then calculated from
P = (aP • M) = P bP
2 (C S ) 2' e m  m 9
The procedure starts with an arbitrary value of uvc , then proceed to 
calculate M and Sm from equations (5-9) and (5-11). Knowing M and Sm, 
all the other parameters can be estimated. The size of the column is 
chosen so that Uc=lm/s. Table (5.1) shows a typical set of results for
a bed load of 7 kg.
5.3.3 COMPLETE DESIGN PROCEDURE
The actual design specifications of a mobile bed cell depends on 
a certain number of parameters that must be chosen by the designer. In 
this section, the complete design procedure is illustrated for the 
following chosen parameters;
(5-14)
(5-15)
TABLE 5.1 SET OF DESIGN SPECIFICATIONS OF A MOBILE BED CELL.
BED LOAD = 7.0 kg.
“vc M <*c n i s t Power
(m/s) (m? /s) (m) (-) (N/m2) (kW)
50. 2.20 1.48 5375 1562 3.4
55 2.00 1.41 4442 1891 3.8
60. 1.83 1.36 3733 2250 4.1
65. 1.69 1.30 3181 2641 4.5
70. 1.57 1.25 2742 3063 4.8
75. 1.46 1.21 2389 3516 5.1
80. 1.37 1.17 2100 4000 5.5
85. 1.29 1.14 1860 4516 5.8
90. 1.22 1.10 1659 5063 6.2
95. 1.16 1.08 1489 5641 6.5
100. 1.10 1.05 1344 6250 6.9
105. 1.04 1.02 1219 6891 7.2
110. 1.00 1.00 1111 7562 7.5
115. 0.95 0.98 1016 8266 7.9
120. 0.91 0.96 933 9000 8.2
125. 0.88 0.94 860 9766 8.6
130. 0.84 0.92 795 10563 8.9
135. 0.81 0.90 737 11391 9.3
140. 0.78 0.89 686 12250 9.6
145. 0.76 0.87 639 13141 9.9
150. 0.73 0.86 597 14063 10.3
- The drying conditions in each cell are such that the equilibrium 
moisture content is We=8%, in order for the tobacco to remain in the 
ductile zone of mechanical properties. (W=8% is the lower limit for 
T=60°C)*. Therefore for We=8%, all the particles will remain in the 
ductile zone as long as T>60°C.
- The smallest unit which requires a pressure drop through its distri­
butor of APdlst s lm WG (9.8kPa) is chosen from the set of possibilities 
obtained by the procedure given in section 5.3.3.
-The air flow to each cell is at the maximum permitted tobacco 
temperature, Tgl=125°C.
The complete design procedure is as follow;
1- The size of a unit is chosen : Vt
* from data provided by B.A.T.
2- From the procedure presented in section 5.3.2, the size of each cell 
is estimated (for P^dlst £ IrnWG). The air flowrate to each cell is 
then fixed : Gwi
3- A certain average unit residence time is chosen : Gj
4- For unit 1, estimate the bed temperature : Tbl
The air humidity in the dryer is given by the equilibrium conditions 
in the bed. For We =8%, the relative humidity in the bed is RH=47% 
(determined from figure (4.1)) : Hbl
5- From the procedure presented in section 5.3.1, the average moisture 
content after unit 1 is calculated using (Tave)1=Tbl and a residence­
time of Gj : Wx
6- From heat and mass balances on unit 1 (equation (5-16)), a new value 
of Tbl is calculated. The steps 4 to 6 are repeated until Tbl is
correct.
heat balance on unit i;
GiCpf <Tgl-Tbl) =QtobCs(Tbl-Tbl_1) + Qto^-W,.,)* (5-16)
7- The same procedure (steps 4 to 6) is repeated for each unit in
series, to the end of the process. The average moisture content 
obtained after unit 5 is then compared to Wf =0.156. The total resi­
dence-time is then corrected and steps 3 to 7 are repeated until W3 = 
Wf = 0.156.
8- The value of the cell solid residence time, 0A , is then used to
calculate the "hold up" of each cell from
V4 = Q„, e, (5-17)
where Q^t (= Qtob (1+Wi)) is the tobacco flowrate on a wet basis between
unit i and unit i+1. The maximum value of Vt is then compared to the
value chosen in step 1. The complete procedure (steps 1 to 8) is
repeated until it has converged.
TABLE 5.2 RESULTS OF DESIGN PROCEDURE.
CELL
1 2 3 4 5
BED TEMPERATURE 
(°C)
69.6 87.5 95.4 101.6 107.6
INLET GAS TEMPERATURE
(°c)
125 125 125 125 125
BED AVERAGE MOISTURE 
CONTENT (dry basis)
0.303 0.263 0.221 0.185 0.156
CELL GAS HUMIDITY 
(kg/kg dry air)
0.101 0.263 0.419 0.600 0.839
CELL GAS RELATIVE 
HUMIDITY (%)
47. 47. 47. 47. 47.
BED EQUILIBRIUM 
MOISTURE CONTENT 
(dry basis)
0.08 0.08 0.08 0.08 0.08
RATE OF EVAPORATION 
(kg HjjO/s)
0.009§ 0.0143 0.0152 0.0127 0.0106
BED LOAD 
(kg wet basis)
7.0 6.8 6.6 6.4 6.2
MEAN RESIDENCE-TIME 
(s)
15 15 15 15 15
The results of the design procedure which meet the requirements expres­
sed above are given in Table (5.2). The design specifications of the 
cells are given in Table (5.3), with a possible mobilising nozzle arran­
gement shown in figure (5.4). The moisture content distributions in the 
tobacco streams after each unit, as calculated by the procedure given in 
section 5.3.1, are shown in figure (5-5). Figure (5.6) is an illustra­
tion of a possible flowsheet using the values from Table (5.2).
TABLE 5.3 DESIGN SPECIFICATIONS OF A MOBILE BED CELL.
MAXIMUM BED LOAD : 7.0 kg.
DISTRIBUTOR SIZE : 0.94 m X 0.94 m top section.
COLUMN SIZE : 0.94m X 0.94m X 1.5 m high.
NUMBER OF MOBILISING NOZZLES : 860.
DIAMETER OF MOBILISING NOZZLES : 4.0 mm.
NUMBER OF ROWS OF MOBILISING NOZZLES : 15 (see figure (5.4) for arrangement) 
DSTRIBUTOR FREE SURFACE AREA RATIO : 0.71 %
FLOW CONDITIONS FOR A BED LOAD = 7 kg.
INCIPIENT MOBILISING FLOWRATE : 1.11 kg/s (air at T=125°C %RH=47%)
MAXIMUM MOBILISING JET VELOCITY : 125 m/s 
DISTRIBUTOR PRESSURE DROP : 9770 N/m2 
THEORETICAL POWER REQUIREMENT : 8.6 kW
5.4 CONCLUSION
A complete design procedure was developed to obtain the size of a 
5 cell mobile bed dryer which meets the requirements outlined for an 
actual tobacco primary process. The theoretical residence-time function 
for a series of perfectly mixed vessels were combined with the drying 
time equation developed in chapter 4, in order to obtained the moisture 
content distribution of the products. For a 5 cell dryer, the product
moisture distribution does not meet one of the design requirements which
FIGURE 5.4- Mobilising nozzle arrangement.
(all dimensions in cm)
215 mobilising nozzles $ 
(4Pmm diameter)
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FIGURE 5.5- Moisture content distribution profile in dryer (F-curve).
would in fact necessitate the use of more than 15 cells in series. It 
was therefore suggested that a certain period of time should be allo­
cated for moisture redistribution in the product stream leaving the 
dryer, to narrow down the actual moisture content distribution. 
Although the dryer was not isothermal, each cell being at a different 
bed temperature, the calculation of the moisture content distribution in 
the product and intermediary streams was performed for a mean represen­
tative temperature (Tave). The diffusion coefficient, •
1 • .. •, calculated for this temperature
(De (Tave)) represented the average value of the diffusion coefficients 
calculated for each individual Tt . The purpose of this simplification 
was to develop a simple but reliable design procedure. The temperature 
and average moisture content in each cell could then be determined via a 
simple iterative procedure. A complete flowsheet was also presented to 
illustrate one possible way of operating such a dryer. Optimisation 
technique could be used in order to make the system more economical by 
reducing the energy requirement regarding steam inputs and heaters but 
this is outside the scope of the present research programme.
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CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK,
Fibrous materials can now be included in the wide range of solids 
which can be processed in fluidised beds. The existing technology 
normally used to process coarse solid particles, namely the spouted 
bed, could not handle such materials and a new contacting device was 
developed. The resulting mobile bed distributor meets the requirement 
of simplicity, and is relatively gentle in its action on tobacco 
particles so that attrition is not excessive. The device relies solely 
on the action of the gas flow, without other measures such as vibration 
or internal moving parts. The relatively high velocity gas jets issuing 
from the sloping walls of the distributor create a well defined flow 
pattern which disentangles the fibres of tobacco, while keeping them in 
a mobilised state. A first scale up of the device showed no potential 
problem related to further size increase. However, the scale achievable 
in this work was limited by the capacity of the available centrifugal 
fan.
From measurements of the bed pressure drop below the point of 
incipient mobilisation, it is concluded that the maximum bed pressure 
drop is somewhat lower than that required to support the bed weight. 
The difference between the APmax in the mobilised bed and the theoreti­
cal APmf , the fluidisation bed pressure drop, is due to the contribution 
from the momentum flux carried by the mobilising gas jets. Tracer expe­
riments have confirmed the existence of a downward flow of gas, which is 
entrained from the freeboard, along the periphery of the bed. This 
downflow of gas, which is only present when the bed is mobilised, is 
responsible for the stability of the mobilisation as demonstrated by the 
mask experiments. The sudden change of gas flow pattern at the point of 
incipient mobilisation is a discontinuity which can be predicted from a 
macroscopic momentum balance on the plug of tobacco, thereby providing a
value for the upper limit of the range of flowrates necessary for mobi­
lisation. The model could be improved by determining more accurately 
the proportion of momentum flux which is actually transferred from the 
gas jets to the plug of tobacco. A similar momentum balance explains the 
influence of accelerating flowrate upon the mobilisation conditions. 
The simple model correctly predicts the observed behaviour at low acce­
lerating flowrate, but tends to deviate significantly from reality at 
larger accelerating flowrates. At the limit, the model predicts that 
mobilisation is possible using exclusively the accelerating flow, equi­
valent to a spouted bed situation, which is in contradiction with the 
observations. This discrepancy results from the reduction in the 
interaction between the accelerating gas jet and the bed of tobacco, 
which is confirmed by the appearance of a central empty channel at high 
accelerating flow, before incipient mobilisation is achieved. 
Nevertheless, the model reveals the controlling mechanism of mobilisa­
tion and the equations obtained can be used for scale up. However 
further experiments for larger size, preferably with columns of diameter 
of order 1 m, are necessary to confirm the analysis developed in this 
work.
Heat transfer in a mobilised bed is similar to that observed in a 
fluidised bed. The gas temperature equilibrates rapidly with the solid 
and the bed can be regarded as being isothermal. The high solid recir­
culation rate, due to the flow pattern imposed by the gas jets, ensures 
complete mixing of the solid phase. The presence of an entrained gas 
flow from the freeboard downwards along the distributor walls, creates 
good mixing of the gas phase. For batch operation, the bed temperature 
can be correctly predicted from a model which assumes perfect mixing 
conditions in both phases. Further investigations are necessary to 
determine the behaviour of the mobile bed system when used in continuous
operation.
Mass transfer operations, in particular drying, in the mobile bed 
were investigated. The limiting step in the overall mass transfer 
process resides within the tobacco particles, so that the external mass 
transfer coefficient cannot be determined. Drying rates were therefore 
obtained from a diffusion model used to describe moisture migration 
within the tobacco particles. The actual mechanism of water transport 
in a tobacco particle or any hygroscopic porous material entails several 
steps. The diffusing substance, in this case water, is absorbed at one 
face of the pore wall and is then desorbed at the other face (Sherwood 
et al.,1975). This mechanism is encountered in diffusion processes 
through polymeric membranes, in which case the diffusing molecules jump 
from one position to another within the polymeric medium in order to 
reach the membrane surface. The temperature dependence of the effective 
diffusion coefficient in the case of diffusion through membranes, 
including plant cell membranes (Tuwiner,1962), follows an Arrhenius-type 
expression. A similar relationship between effective diffusion coeffi­
cients and temperature applies to cut lamina tobacco, with a value of 
activation energy of 39.5 kJ/mol (9.4 kcal/gmol), which is in the range 
of activation energy for diffusion of gases through polymeric membranes 
(9.3 to 11.9 kcal/gmol, Tuwiner,1962). This suggests that the proposed 
moisture transfer mechanism is valid, confirming that the overall mass 
transfer process is internally controlled and does not depend upon the 
external conditions in the mobilised bed other than the bed temperature. 
The through-put of gas necessary to maintain mobilisation is much larger 
than that required from mass transfer considerations, hence the gas 
phase does not reach, at any point, saturation conditions as is 
frequently observed in deep fluidised bed dryers (Vanecek et al.,1966). 
The gas can then be recirculated to another mobile bed cell to minimise
the energy requirement.
The heat and mass transfer characteristics related to drying of 
tobacco in a mobilised bed developed in the course of this work can be 
used readily to design a complete drying process. The procedure was 
illustrated with the design of a mobile bed dryer for a tobacco primary 
process.
This project represents the first step towards processing of 
vegetable products, which takes the form of long fibres, in a mobilised 
state. In addition to the specific points for further development 
identified above, further investigations on the subject of mobile bed 
processing of vegetable products should cover the following subjects;
- Continuous processing in a mobilised bed to investigate the 
actual mixing behaviour in the device when operated continuously;
- Extension of the technique to other fibrous materials or 
materials which are difficult to fluidise;
- Construction and investigation of larger scale mobile bed 
units, possibly of the order of 1 m square.
APPENDIX 3.1 : DETERMINATION OF THE RESISTANCE TO FLOW 
OF A BED OF TOBACCO.
APPENDIX 3.1 DETERMINATION OF THE RESISTANCE TO FLOW OF A BED OF TOBACCO.
A3.1.1 APPARATUS
The resistance of a bed of tobacco was determined at various 
voidages and moisture contents in order to examine the influence of 
these parameters. The apparatus used is represented in figure (A3.1).
a 7.55 cm diameter perspex column was fitted on top of a distributor
which consisted of a double layer of gauze. The air flowrate, coming 
from the laboratory compressed air supply, was measured with a cali­
brated rotameter (series 2000 size 24 duralumin float type A). The bed 
pressure drop was measured between pressure tappings situated just above 
the distributor and above the bed which were connected to a micromanome­
ter (Furness Control Instruments, range 0-500 mmWg).
A3.1.2 EXPERIMENTAL PROCEDURE AND RESULTS
The column was filled with tobacco of pre-determined moisture 
content, and for the range of air flowrate 0-150 1/min., corresponding 
to a superficial velocity range up to 0.56 m/s, the total pressure drop 
and height of the bed were recorded. The pressure drop values were then 
divided by the corresponding bed height to give the average pressure 
gradient through the bed. The flowrate values were translated into 
superficial velocities and the bed voidage was calculated from equation 
(A3-1) using the measured bulk density of the bed.
£ = (1- Pb/pp) (A3-1)
where the particle density was calculated from
Pp = 665(1+W) (1-1)
Figure (A3.2) represents bed pressure gradient as a function of super­
ficial velocity for the different bed voidages.
® 0
micnomanometer
tobacco
gauze
from
compressed
air supply
FIGURE A3.1- Fixed-bed apparatus.
A3.1.3 ANALYSIS OF RESULTS
The coefficient A and B in equation (3-1) were determined in each 
case using a quadratic regression and are given in Table A3.1. From the 
theoretical derivation of equation (3-1) (Ergun, (1952)), it is clear 
that A and B are related to the particle properties and bed voidage in 
the following manner
A = 150u(1-e)2 (A3-2a)
(Os^ ) 2*3
B = 1.75H1-E) (A3-2b)
FIGURE A3.2- Pressure gradient versus superficial velocity for different
bed voidages.
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TABLE A3.1 RESULTS OF FIXED-BED EXPERIMENTS.
run 'b W A B
(kg/m3) '(-)
1 82. 0.127 308. 1121.
2 82. 0.127 359. 1328.
3 160. 0.200 1932. 5013.
4 160. 0.200 2074. 5541.
5 152. 0.270 1636. 3911.
6 152. 0.270 1667. 4682.
7 146. 0.154 1838. 4392.
8 146. 0.154 1735. 4747.
9 90. 0.159 424. 1625.
10 90. 0.159 493. 1851.
11 142. 0.266 1337. 3315.
12 142. 0.266 1420. 3828.
13 166. 0.558 1067. 3342.
14 166. 0.558 1174. 3963.
where #s and dp are the sphericity and diameter of the particles forming 
the bed. Using equations (A3-2a) and (A3-2b), the coefficient A was 
plotted as a function of {1-t)2/t3 (figure (A3.3)), while B was plotted 
as a function of (1—£)/e3 (figure (A3.4)). In each case the best 
straight line passing through the origin and the data points is shown. 
The correlation obtained for A and B are
A = 25440(1-e)2 /e3 (A3-3)
B = 12740 (1-e)/£3 (A3-4)
Equations (A3-3) and (A3-4) can be used to estimate the resistance of a 
packed bed of cut lamina tobacco of bulk density Pb and moisture content
FIGURE A3.3- Relationship between coefficient A and the bed voidage.
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APPENDIX 3.2 DETERMINATION OF ORIFICE DISCHARGE COEFFICIENTS
The flow of gas through an orifice can be described by a mechani­
cal energy balance or Bemouilli's equation, between point "1" and "2"
in figure (A3.5)
<U>1 + P + h + Ev = 0 (A3-5)
2g Pg
thus, assuming negligible viscous dissipation and constant h,
-aP = PA-P2 = P/2[U| - U2] (A3-6)
Neglecting as being small relative to U2 , one obtains
P, - P2 = PU22/2 (A3-7)
or
u, = rwptjjr (A3-8)
where U2 corresponds to the velocity at the "vena contracta" point. In
FIGURE A3.5- Gas flow through a mobilising orifice.
d is trib u to r
wall vena contracta
mobilising o r i f ic e  (dm)
terms of the velocity at the orifice (section "3"), equation (A3-8) 
becomes
H> = U2 <SIC/S»> = (Svc/Sm) / 2(P1-P2)//> (A3-9)
The ratio Svc/Sm is defined as the orifice discharge coefficient, 
denoted by Cc. Equation (A3-9) can be written
(PA-P2) = P/(2q) u2 (A3-10)
where can be expressed in terms of mobilising flowrate M,
Um = (M/n) = 4M/nnd2 (A. 3-11)
(nd2/^
From a plot of - aP as a function of u2 , the discharge coefficient of the 
mobilising orifices, Cc, can be determined. Figure (A3.6) shows the 
pressure drop (-aP) as a function of u2 for both the 15cm and 30cm 
distributors. The gradient of both curves was taken at u^  > 44m/s,
which corresponds to Re > 10000, (fully turbulent flow) since at this 
point the discharge coefficient becomes constant. The calculated values 
of Cc were
15cm model: Cc = 0.93 (A3-12a)
30cm model: Cc =0.65 (A3-12b)
The values of Cc are different due to the difference in profile of the 
mobilising orifices as described in chapter 2. The analysis presented 
in chapter 3 takes into account such difference when calculating the 
momentum flux of the mobilising jets.
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FIGURE A3.6- Determination of mobilising orifice discharge coefficients.
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APPENDIX 4.1 : DRYING TEST EXPERIMENTAL TECHNIQUES
This section presents a general description of the techniques 
used to determine the moisture content and temperature of the tobacco 
being dried in the mobilised bed. The B.A.T. Standard oven test 
procedure is also described.
A4.1.1 INFRARED MOISTURE ANALYSER.
The moisture content of the tobacco during the drying test was 
measured in-situ with an infrared moisture analyser. The first 20 runs 
used an instrument provided by Moisture Systems Limited (Quadrabeam 
8000), while the last 16 runs used one from Infrared Engineering Limited 
(MM44). The reliability of such instruments has been largely proven in 
the Tobacco Industry, where infrared instruments are continuously used 
for on-line measurement of tobacco moisture content. Both instruments 
rely on the same measuring principle, whereby a light beam is optically 
chopped and focused to illuminate the sample to be measured. Optical 
infrared filters create separate measuring and reference beams which are 
respectively adsorbed and transmitted by the moisture present in the 
sample. Reflected energy from the sample illuminates a detector provi­
ding an electrical signal proportional to the moisture content. The 
signal is amplified, digitised and processed to provide a reading in 
actual percent moisture content. The Quadrabeam 8000 had an additional 
internal optical system whose main purpose is to compensate for any 
deviations due to the optic components. The measuring principle is 
illustrated in figure (A4.1).
The sensing head of the infrared gauge was placed in front of one 
of the column glass windows at a suitable angle to avoid back reflexion 
of the light beam to the detector. The distance from the top of the 
distributor to the sensing element was 30 cm. The device was calibrated
Collection Mirror
LensLens Filter Wheel MirrorMirror
LensMotor
Detector
Mirror
Light
SourceProcessor
LensLensLens
Sample
FIGURE A4.1- Infrared moisture gauge optical system.
with an immobile charge of tobacco of known moisture content placed 
inside the column in order to take account of the effect of the glass 
column and the position of the sensing head. The setting of the 
instrument was such that a change in moisture content from 45% to 5% 
would produce a 100% scale change. The instrument was used mainly to 
determine the shape of the drying curves since the actual moisture 
content values were always related to the initial and final tobacco 
moisture content which were determined using the B.A.T Standard oven 
test described in section A4.1.3 of this appendix.
A4.1.2 INFRARED THERMOMETER
The tobacco temperature during the heat transfer and drying tests 
was measured in-situ with an infrared radiation thermometer KT-17 pro­
vided by Micron Infrared Systems Limited. The instrument works on the 
principle that all bodies above a temperature of absolute zero, emit 
electromagnetic radiation, the wavelength and intensity of which are 
dependent upon the temperature. Up to a temperature of 700°C, the 
wavelength of the radiation lies exclusively in the infrared range
(thermal radiation). The intensity of the radiation emitted depends 
upon the surface of the body, with only a black body being capable of 
emitting the maximum intensity. The fraction of the maximum radiation 
intensity is termed the emissivity t and is a property of the solid 
surface. When the emissivity is known, it is possible to determine the 
temperature of an object by measuring the infrared radiation. This type 
of instruments offers advantages when it is necessary to;
(a) measure the temperature of moving objects
(b) measure temperature changes with a short response time
(c) measure the temperature of solids with low thermal capacity.
The spectral sensitivity of the detector ranged between 8 and 14
pm, hence reducing the attenuation of the measurement values due to
water vapour or C02-gases in the atmosphere. The instrument response 
time was fixed at Is in order to achieve a temperature resolution of
± 1°C. The tobacco was assumed to have a similar emissivity to that of 
wood, £=0.9. The instrument was mounted directly on top of the dryer, 
above the disengaging region of the column and focused on the section 
corresponding to the top of the distributor. The field of view of the 
instrument was carefully chosen, with the aid of the eye-piece, so that 
only the temperature of tobacco particle were being measured.
A4.1.3 STANDARD B.A.T. OVEN TEST.
The standard oven test developed by British American Tobacco 
Limited was used in this work to determine the moisture content of the 
tobacco. Each drying curve obtained from the infrared moisture analy­
sers was related to oven test moisture content by using the values of
initial and final moisture content of the tobacco mass determined from 
the oven test. Therefore all the moisture contents quoted in this work
are based on the following procedure;
Oven test at 100°C, 16 hours cold start:
- The clean moisture tins are individually filled with exactly 
10g ± .01g of a sample of tobacco whose moisture moisture 
content is to be determined. The weights of the empty tins, 
which consist of cylinders of 5 cm diameter and 2,5 cm high, 
are also noted. The cover of the tins contains several 
ventilation holes which allow the moisture to escape freely.
- Each weighted tin is placed on a shelf (which can hold 20 
tins) which is then placed in the oven. The oven can hold 5 
shelves.
- The oven is switched on and this time is considered as the 
start of the drying period.
- The oven thermostat is adjusted so that the steady-state 
temperature inside the oven is 100°C ± 0.5°C.
- After one hour of drying the oven temperature is checked to 
ensure satisfactory operation, with temperature 100 ± 0.5°C.
- At the end of the 16 hour drying period, the oven is switched 
off and the samples are removed from the oven to be placed into 
a descicator to cool down.
-When the tins are only warm to the hand (about 40° to 50°C), 
the samples are reweighed.
- The moisture content is then obtained on a dry basis by divi­
ding the loss in weight by the final weight of the sample minus 
the weight of the empty tin.
The oven is equipped with a fan which recirculates the air 
within the oven chamber and also, across the heaters. Some of the air 
from the fan is removed through a chimney placed on the top of the oven
to provide ventilation. The air is replaced by fresh air drawn through 
a vent at the bottom of the oven, into the heating chamber and then to 
the fan. The procedure above gave a reliable and reproducible results 
for moisture content measurements of tobacco.
APPENDIX 4.2 : RESULTS OF DRYING TESTS.
A4.2.1 : FIRST 20 RUNS 
(plots of log(W-We) as a function of drying time.)
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A4.2.2 : LAST 16 RUNS 
(plots of log(W-Wg) as a function of drying time.)
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APPENDIX 4.3 : RELAXATION OF THE BOUNDARY LAYER.
The solution of the diffusion equation leading to equation (4- 
38), relies on the assumption that the concentration at the surface of 
the tobacco particle remains constant at the equilibrium concentration 
of the bulk gas. The sorption isotherm results showed that the 
moisture content of tobacco can be related to the relative humidity of 
the gas, as shown in figure (4.1) or equation (4-1). This, in fact, 
supposes an infinitely thin boundary layer, so that the surface of the 
particle is exposed to the bulk conditions of the gas at all time. 
This situation is represented in figure (A4.2) by curve (1).
gas bulk
tobacco
surface 
of particle
FIGURE A4.2- Boundary layer relaxation.
It was observed from the fixed-bed experiments that for slip 
velocities between the gas and the solid above 0.8 m/s, the diffusion
equation can be solved assuming the situation (1) in figure (A4.2). 
However for lower slip velocities, as is in fact encountered in the top 
section of the distributor where the gas and particles travel at essen­
tially the same velocity, the resistance of the gas phase is no longer 
negligible. Assuming that, at the limit, this situation is equivalent 
to the particles being placed in a stagnant environment when they move 
from the lower part of the distributor to the upper part, the boundary 
layer thickness will then become infinite. The water concentration 
profile in the gas phase will change towards situation (2) in figure 
(A4.2), due to the flux of moisture through the surface of the tobacco 
particles.
Consider the change in a particle's surface moisture content 
associated with a residence time of 2 seconds in a stagnant environ­
ment. This period of time corresponds approximately to the solid 
recirculation time. To simplify the calculations, the moisture flux 
out of the particles is assumed constant throughout the complete 
period. For a constant flux issuing from a plane source, the concen­
tration profile in the infinite medium, with time, is given by
C-C0 = N (J0_)1/2 exp(-x2 ) - Nx erfc( x ) (A4-1)
(riDw) (4DW6) 2DW <2VT5^ )
which is equivalent to the solution derived from the analogous situa­
tion of heat conduction by Carslaw et al.,(1947). The concentration 
profile can be related to the absolute humidity profile by dividing C 
by the air density. Thus the change in humidity along the infinite 
medium is
=N[ ( e )1/2 exp (-x2 ) - x erfc ( x ) ] (A4-2)
(4DW0) 2DW (2/E^ *)]
The diffusion coefficient for water vapour in air is Dw = 0.22 cm2/s
(Perry and Chilton, (1973)).
It was calculated that the maximum change of particle surface
moisture content for a situation described above corresponds to run
(32) which was performed at a high value of relative humidity. The
mass flux N in equation (A4-2) is taken as the average flux calculated
from the following drying conditions;
Tg = 47.4°C ^
I %  = ®-023 kg HgO/kg dry air 
%RH = 0.33 )
W0 = 0.364
We = 0.043
Wf = 0.136
De = 2.75 X 10"6 cm2/s
0 = 330 s
The average flux per kg of tobacco is calculated from
= aW = 6.9 X 10"4 kg 1^0/(kg dry tobacco) s (A4-3)
A0
The specific surface area is given by equation (1-8),
ap = 18/(1+W) (1-8)
which calculated at W = 0.25 is ap=14.4 m2/(kg dry tobacco).
Therefore, the average moisture flux per surface area is
N = Nm/ap = 4.8 X 10"5 kg J^O/n^s (A4-4)
Figure (A4.3) shows the change in absolute humidity for a constant flux 
N (equation (A4-4)), as calculated from equation (A4-3). The values
indicated on the curves correspond to the time in seconds. The change
at the surface after 2 seconds is
44 = 0.0068 kg HgO/fkg dry air) (A4-5)
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FIGURE A4.3- Change in absolute humidity profile in a stagnant medium.
which in terms of absolute humidity for the case considered is
% 2 = 0.023 + 0.0068 = 0.0298 kg R,0/{kg dry air) (A4-6)
which is equivalent for a temperature of 47.4°C to a relative humidity 
of %RH=43%. From equation (4-1), the surface moisture content is 
calculated as W s2 = 0.065. Thus a W s = 0.022. Therefore the maximum 
change of particle surface moisture content associated with a residence 
time of 2 seconds in a stagnant environment is 2.2%. This causes a 
reduction in the drying of
%drying rate reduction = 1 - (Wft-WQ5) =7%. (A4-7)
which can be regarded as negligible considering the assumption made in 
the derivation of such value (infinite boundary layer). Therefore, it 
is reasonable to assume no external mass transfer limitation even 
though the slip velocity in the upper part of the mobilised bed is 
below the limit of 0.8 m/s.
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